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CHAPTER i 


INTRODUCTORY REMARKS 


1.0 MANUAL INTRODUCTION 


Welcome to the MCS650X product family. This manual is designed to 
work in conjunction with the Hardware Manual which describes the basic 
hardware considerations when using the MOS Technology, Inc. microcomputer 
family. 

Before reading this manual, it is suggested that the reader acquaint 
himself with the Hardware Manual in order to understand the components 
available in this system, how these components are interconnected, and 
their basic architecture. Developed in this manual is the concept of 
microprocessor internal architecture and how it is used, with attention 
given to input/output considerations. Familiarity with the hardware will 
facilitate easier understanding of these important concepts. 

In order to best serve the total customer base, this manual is written 
in two levels. The first is a very basic introduction to the MCS650X fam- 
ily, and the second level is for the user who has to refer to the manual 
on more than an occasional basis and who wants to rapidly scan and find 
specific sections. For the user who is quite familiar with programming 
and the MCS650X% instruction set, the appendices are the best reference in 
the sense that all the data which is discussed in detail in the manual is 
summarized in a series of tables for convenience. 

It is recommended that the user who is an experienced programmer and 
familiar with microprocessors still take the time to read through the 
manual: in detail. Some of the architectural concepts are different from 
those found in second generation machines and this manual instructs the 
user how to optimize the utilization of the microprocessor while providing 


an introduction of its basic concepts. 


Criticism of this manual is welcomed at all times. Of particular 
interest are cases where one could not, by use of the Lndex and appendix, 
rapidly find the answer to u« question which developed in the course of 
designing a microprocessor system. Welcomed are any comments which will 
enhance the content and format of this manual in future editions or adden- 


dums. 


fl MICROPROCESSOR ARCHITECTURE 


The MCS6501, MCS6502, MCS6503, MCS6504, and MCS6505 are all 8-bit 
microprocessors. That means that 8 bits of data are transferred or oper- 
ated upon during each instruction cycle or operation cycle. 

All devices in the MCS530X family operate on data 8 bits at a time, 
although some of the operatisus will look like serial or 16-bit wide oper- 
ations. In a future sectior, discussed will be the use of sequential 
operations on an 8-bit basis and how one can accomplish 16-bit effective 
operands and addressing. 

The computer industry, for some time, has been treating 8-bit combina- 
tions of data by a term known as a “byte."' In many large computers which 
operate simultaneously on miltiple bytes of data, the number of bytes which 
are transferred and operated on by the machine in parallel are called a 
"word.'' Because these microprocessors are 8-bit microptocessors, the words 
and bytes are of equal length. Therefore, for convenience through the dis- 
cussion of the basic 38-bit precessors, "byte" and "word" will be used 
synonymously although in some of the expanded versions there will exist a 


16-bit word composed of two 8--bit bytes. 
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CHAPTER 2 


THE DATA BUS, ACCUMULATOR AND ARITHMETIC UNIT 


2.0 THE DATA BUS 


Although most of the following discussion will consider how one 
operates with a general purpose register called the accumulator, it must 
be understoed that data has to transfer between thc accumulator and out- 
side sources by means of passing through the microprocessor to 8 lines 
called the data bus. The outside sources include the program which con- 
trols the microprocessor, the memory which will be used as interim stor~ 
age for internal registers when they are to be used in a current opera~ 
tion, and the actual comnunications to the world through input/output 
ports. Later in this document performance of transfers to and from each 


of these devices will be discussed. However, at present, discussion 


will center on the microprocessor itself. 
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Partial Block Diagram of MCS650X 
FIGURE 2.1 


The only operation of the data bus is to transfer data between mem- 


ory and the processor's internal registers such as the accumulator. Fig- 


ure 2.1 displays the basic communication between the accumulator, A, and 


the memory, M, through the use of 8 bi-directional data lines called the 


data bus. 


weer 


24 THE ACCUMULATOR 


The accumulator is a register in which data is kept on which opera~ 
tions are performed. All operations between memory locations must be 
communicated through the accumulator or one of the auxiliary index reg- 
isters. The accumulator is used as a temporary stotage in moving data 
from one memory location to another. Therefore, the first. use for the 
accumulator (A) is just jin transferring data from memory to the accumu- 
lator or from the accumulator to memory. One can bring data into the 
accumulator, perform operations such as AND/OR on it, test the results 
of those operations, set new bits into it, or transfer it back out to 
the outside world. It serves as an interim storage for a series of oper- 
ations such as adding 2 values together; where one ot them is loaded into 
the accumulator, the second one added to it, and the results stored in 
the accumulator. The accumulator really acts as two functtons: js am Oe 
is one of the primary storage points for the machine; 2) It is the point 


at which intermediate results are normally stored. 


EE | 


When instruction LDA is executed by the micrcprocessor, data 
is transferred from memory to the accumulator and stored in the 
accumulator. 

Rather than continuing to give a word picture of the opera~ 
tion, introduced will be the symbolic representation M-> A, where 


the arrow means “transfer to." Therefore the LDA instruction sym- 


bolic representation is read, “memory transferred to the accumutator.” 


LDA affects the contents of the accumulator, does not affect 
the carry or overflow flags; sets the zero fiag if the accumulator 
is zero as a resu:t uf the LDA, otherwise resets the zero flag; 
sets the negative flag if bit 7 of the accumulator is a 1, other- 
wise resets the negative flag. 

Although yet to be developed is the concept of addressing 
modes, for reference purpose, LDA is a "Group One” instruction and 
has all of the major addressing modes of the machine available to 
it as stated in Appendix A. These addressing modes jaclude Immed— 
iate; Absolute; Zero Page; Absolute,X; Absolute,Y; Zero Page,X; 


Indexed Indirect; and Indirect Indexed. 
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2.1.2 SfA--Store Accumulator in Memory 


This instruction transfers. the contents of the accumulator to 
memory. 

The symbolic representation for this instruction is A> NM. 

This instruction affects none of the flags in the processor 
status register and does not affect the accumulator. 

It is a "Group One" instruction and has the following address~ 
ing modes available to it: Absolute; Zero Page; Absolute,X; Abso- 


lute,Y; Zero Page,X; Indexed Indirect; and Indirect Indexed. 


ww CHE ARITHMETIC UNIT 


One of the functions to be expected from any computer is the ability 
to compute or perform arithmetic cperations. Even in a simple control 
problem, one often finds it useful to add 2 numbers in order to determine 
that a value has been reached, or subtract 2 numbers to calculate a new 
value which must be obtained. In addition, many problems involve some 
rudimentary form of decimal or binary arithmetic; certainly many applica~ 
tions of the microprocessor will involve both. The MCS650X has an 8~-bit 


arithmetic unit which interfaces to the accumulator as shown in Figure 2.2. 
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Partial Block Diagram including Arithmetic Logic Unit of MCS650X 
FIGURE 2.2 | 


The arithmetic unit is composed of several major parts. The most 
important of these is the circuitry necessary to perform a two's comple- 
ment add of 8-bit parallel values and generate an 8 parallei Cit binary 
result plus a carry. A review of binary and binary coded decimal (SCD) 
arithmetic is presented in Appendix H. However, a quick review of the 
concept of "carry" fs in order. The largest range than can be repre- 
sented in an 8-bit number is 256 with values ranging between 0 and 255. 
If we add any 2 numbers which result in a sum which is greater than 255, 
we represent the result with a ninth bit plus the 8 bits of the excess 


cver 255. The ninth bit is called "carry." 
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2.2.) ADC--Add Memory to Accumulator with Carry 


ll | TT 


This instruction adds the value of memory and carry from the 
previous operation to the value of the accumulator and stores the 
result in the accumulator. 

The symbolic representation for this instruction is 
A+M+ CA. 

This instruction affects the accumulator; sets the carry flag 
when the sum of a binary add exceeds 255 or when the sum of a decimal 
add exceeds 99, otherwise carry is reset. The overflow flag is set 
when the sigan or bit 7 is changed due to the result exceeding +127 
or -128, otherwise overflow is reset. The negative flag is set if 
the accumulator result contains bit 7? on, otherwise the negative 
flag is reset. The zero flag is set if the accumulator result is 0, 
otherwise the zero flag is reset. 

It is a "Group One" instruction and has the following address- 
ing modes: Jmmediate; Absolute; Zero Page; Absolute,X; Absolute,Y; 
Zero Page,X; Indexed Indirect; and Indirect Indexed. 

The ninth bit of the result is stored in the carry Flag and 
the remaining 8 bits reside in the accumulator. The carry flag can 
be thought of as a flag bit which is remote from the accumulator it- 
self but which is directly affected by accumulator operations as 
though it were a ninth bit in the accumulator. The primary reason 
for not viewing the carry bit as merely a ninth bit in the acc umu- 
lator is that one has program control over its state by being able 
to set (to "1") or clear (to "0O") the bit and, of course, it is not 
part of the 8-bit accumulator in data transfer operations. Examples 


employing the Add with Carry operation follow. 


Example 2.1: Add 2 numbers with carry; no carry generation 


0000 1161 13 CA 
110i 80011 211 = (M)* 
= As 1 __1 = CARRY 
Carry = /0/ 1110 =0001 25 = (A) 


*(A) and (M) refer to the "contents" of the accumulator and 
"contents" of memory respectively. 


Example 2.2: Add 2 numbers with carry; carry generation 


ATi 1116 254 = (A) 
goog 0110 6 = (M) 
_ td jag SG RERY 
Carry = /1/ o000 O10L 5 = (A) 


—— 


While the accumulator contains "5," the carry flag signals 
the user that the result exceeded 255 and, therefore, the result can 


be properly interpreted as 256 + 5 = 261.3 


2.2.1.0 Multiple Precision Addition 


To perform the addition of 2 numbers, one issues to the 
microprocessor an ADC instruction which adds the memory and the accu- 
mulator and stores the results in the accumulator with the carry bit 
going set if the results exceeded 255. 

To add numbers which had significantiy higher value than 
255, it would be necessary to represent these numbers by a series of 
serial 8-bit numbers. With the L6 bits in 2 serial 8-bit numbers, 
it is possible to represent binary numbers of greater than 65,000 in 
value. In order to add two 16-bit numbers together and thus accomplish 
double precision addition, one first loads the lowest byte of one 
number into the accumulator, clears the carry flag and then adds the 
second number to the first number in the accumulator using the ADC 
command. One would then store this result into another memory loca- 
tion using the STA command. The carry flag would now represent the 
carry from the lowest byte to the highest byte. One ccuid then load 
the high order byte of the first number, add with carry again to the 
high value of the second number, and store the result in the high 
order byte of the result. Thus, it can be seen that cne carry allows 
us to perform as much precision arithmetic as is necessary. The 
example listing below displays the commands used to execute the addi-~ 


tion of two 16-bit numbers. 
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Example 2.3: Adding two 16-bit numbers 


High Order Byte Low Order Byte 

First Number Rl LIL 

Second Number H2 LZ 

Result of Addition H3 L3 

LDA Ll Load low order byte, first number 

CLE Clear carry flag (carry = 0) 

ADC bz Add Ll to low order byte, second num- 
ber 

STA L3 Store result in memory, carry flag is 
still set if set in ADC operation 

LUA Hi Load high order byte, first number 

ANC H2 Add H]l and carry value from first ADC 
operation to high order byte, second 
number 

STA 3 Store result in memory 


In this example it was necessary to clear the carry flag 
before starting the add instruction. This, of course, means that 
commands exist that set and clear the carry flag allowing for addi- 
tion without values generated from the prior operation. One could 
also, at the end of the program, check to see if the result exceeded 
16 bits by testing the carry flag. Exactly how one alters and tests 
flags will be discussed in the Flag and Branches Section, The 
examples below display the concept of carry from the addition of the 
low order bytes. 


Example 2,4: Add two 16-bit numbers, no carry from low 
order add 


0000 0001 0000 0010 258 
0001 0000 0001 0000 4112 
Add low order bytes: (clear carry) 


0000 0010 = {A) 
9001 0000 (M) 


Carry = /0/ 0001 0010 (A) 
Add high order bytes (carry = 0): 
Q0000 OQ001 (A) 
0001 0000 (M) 
_ QO CARRY 
Carry = /O/ 0001 OO01 (A) 


Result = 0001 0001 0001 0010 = 4370 


Example 2.5: Add two lo-bit numbers, with carry from low 
order add 


0000 OOdl1 19000 = =©99000 384 
9000 oo00- 1000 0000 128 
Add low order bytes: (clear carry) 


1000 0000 (A) 
1000 0000 (M) 





Carry = /i/ 0000 0000 (A) 
Add high order bytes: (carry = 1) 
0000 OOOL (A). 
0000 e000. (M) 
- 1 CARRY 
Carry = /0/ oo00 0010 (A) 
Result = 0000 0010 0000 0000 = 512 


2.2.1.1 Signed Arithmetic 

It is possible to look at the add operation and the way 
data is represented in memory in a different way. If, in the 16-bit 
problem (Examples 2.4 and 2.5), one were working with 15 bits of pre- 
cision (in other words, 15 bits of valid data) plus 1 bit of sign (0 
for positive and | for negative), it would be possible te perform 
signed binary arithmetic without changing the adder, but by merely 
changing the way the results are interpreted. In order to facili~ 
tate this concept, the microfrocessor has the ability to represent 
positive or negative numbers by means of a sign flag which will be 
discussed at length in Section 3.7. In the MCS65O0X family, bit 7 is 
the siga position bit. This means that the highest order byte in a 
series of bytes should have che sign in the eighth pesition. If, 
for simplicity, one talks about signed 8-bit numbers, 1C would mean 
that one was allowed only 128 combinations of each sign because that 
is the most that can be represented in 7 bits, with the eighth bit or 


the highest bit reserved for the sign position. 
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Byte Orientation with Sien Position 
FIGURE 2.3 


Ir the following examples of signed arithmetic it should be 
noted that operations are occurring on a 7~bit field of numbers and 
that any carry generated out of that field will reside in the eighth 
bit--not in the carry flag discussed during the add operations. The 
generation of a carry out of the field is the same as when adding 
two 8-bit numbers, except for the fact that the normal carry flag 
does not correctly represent the fact that the field has been ex- 
ceeded. This is because the true carry from adding the two 7-bit 
numbers resides in the sign bit position. Therefore, the carry flag 
has no real treaning. Instead, there is a separate flag, the over- 
flow flag, used to indicate when a carry from 7 bits has occurred 
and allows the user to write correction programs. 

In each example, the negative numbers are in two's comple- 
ment form. Also included in each result will be the status of the 
carry and overflow flags. The overflow flag is set whenever the 


sign bit (bit 7) is changed as a result of the operation. 


Example 2.6: Add 2 positive numbers with no overflow 


0000 0101 +5 (A) 
0000 =—Oldd 7 (M) 
Carry = /0/ 0000 1100 +12 (A) 


— 


Overflow = /O0/ "0" in bit 7 indicates positive result. 
Note that both the carry and overflow 
flag remain cleared. 


ae 


tee ede dye, 


Example 2.7: 


Carry = /0/ 


Add 2 positive numbers with overflow 


O111 L1]1 +127 = (A) 
0000 0010 + 2 (M) 
16000 = GOOL =—"+127" (A) 


—— 


Overflow = /1 


Therefore, examination 


"1" in bit 7 indicates negative result and 
the two's complement of the result is 127; 
however, the overtlow flag is set indicat~ 
ing the allowable range was exceeded in the 


addition. 


of the overflow indicated that the result was 


in fact not negative but that the bit 7 position represented an over~ 


flow beyond the value of 127. Hence the user is flagged of an incor- 


rect result and a correction routine (program) must follow. 


Example 250% 


Add positive and negative number with post- 


ee ee Oe aed 


0000 0101 +5 (A) ne 2. oe 
eee ee ety Os eer 6 dae 4s eae 


Carry = /1/ 6000 6010 +2 (A) fo ht Bat 
Overflow = /0/ "0" in bit 7 indicates pesitive result. 


Example 2.9: 


Carry = /0/ 


Overflow = /0. 


Example 2.10: 


Carry = /i/ 


Overflow = /0, 


(Recall that though the carry flag is set, 
tt has no meaning in signed operations.) 


Add positive and negative number with negative 
result 


0000 40101 +4«29+5=«(A) 
11111001 -7 (M) 
illl 1110 -2 (A) 


"O" in bit 7 indicates negative result. 
Add 2 negative numbers without overflow 


Litt 1011 -5 (A) 


‘illl_-1001 _-7 (™) 


Y11l. 0100 -12 (A) 


"i" iy bit 7 indicates negative result. 
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Example 2.J1: Add 2 negative numbers with overflow 


1011 1119 -66 (A) 
LOU. . 1d ~65 (M) 


~— rr ete ec 


Carry = /1/ 0111 1301 "4125" (A) 


———— 





Overflow = /1/ "0" indicates positive result, but the 
overflow flag is set indicating that the 
allowable range was exceeded in the opera- 
Cion. Without the overflow indication, the 
result would be interpreted as +125. The 
overflow, however, indicated that the result 
was negative and exceeded the value -128, 
Hence the user is flagged of an incorrect 
result, indicating the need for a correc- 
tion routine. 


2.2.1.2 Decimal Addition 


Ct ey 


There is a way for the user to organize data for decimal 
operations. The MOS Technology, Inc. MCS65GX microprocessors have 
a modified adder which allows the user to represent his numbers as 
two 4-bit binary coded decimals (BCD) numbers packed into a single 
byte. This is a unique feature of the MCS650X family in that the 


operation in the following example can be performed, 
Example 2.12: Decimal addition 


CLC Clear Carry Flag 

SED Set Decimal Mode 

LDA QO111 1001 79 

ADC 000) O100 +14 

STA 1001 OO11 93 

The microprocessor adder has the unique capability of per- 
forming real time correction to the normal expected binary result 
without any direct interference from the programmer. Other popular 
microprocessors require a separate instruction (Decimal Adjust) 
which corrects the direct binary result of the arithmetic unit to 
obtain the same final results as are available on this microprocessor 
directly. 

In order to make the same arithmetic unit perform either as 
a binary adder or as a decimal adder, the user chooses the mode in 


which he is going to operate (either decimal or binary) by setting 


13 


another flip-flop in the microprocessor called the decimal flag. As 
shown in this example, one not only initializes the adder by clearing 
the carry flag, but also puts the processor into decimal mode with 
the SED instruction. Even though this also requires Ll instruction, 
it is possible to put the machine in decimal mode once and perform 
many long strings of decimal numbers without further user interven- 
tion. The "Decimal Adjust" feature on other microprocessors requires 


programming subsequent to each binary operation. 


2.2.1.3 Add Summary 


In summary, the basic arithmetic unit is a binary adder 
which, under control of the ADC command, performs binary arithmetic 
on the accumulator and data, storing the result in the accumulator. 
Depending on the way the user looks at the data wnich is presented to 
Lue adder and the results which are obtained from it, the user can 
determine whether or not the result exceeds 255 binary or 99 decimal; 
he can perform precision arithmetic by use of the ninth bit or carry 
flag; he can control whether or not the microprocessor iz a decimal 
adder by setting the decimal moda; and he can represent nis numbers 


as signed binary numbers by analyzing other flags that are set in the 


machine. 


2.2.2 SSC Subtract Memory from Accumulator with Borrow 


This instruction subtracts the value of memory and borrow from 
the value of the accumulator, uslug two's complement arithmetic, and 
stores the result in the accumulator. Borrow is defined as the carry 
flag complemented; therefore, a resultant carry flag indicates that a 
borrow has not occurred. 

The symbolic representation for this instruction Ls 
A-M-COA. 

This instruction affects the accumulater. The carry flag is 
set if the result is greater than or equal to 0. The carry flag is 
reset when the result is less than 0, indicating a borrow, The over- 


flow flag is set when the result exceeds +127 or -127, otherwise it 
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is reset. The negative flag is set if the resule in the accumulator 
has bit 7 on, otherwise it is reset. The 2 flag is set if the result 
in the accumulator is 0, otherwise it is reset. 

It is a "Group One" instruction. It has addressing modes 
Immediate; Absolute; Zero Page; Absolute,X; Absolute,Y¥; Zero Page,X; 
Indexed Indirect; and Indirect Indexed. 

In a binary machine, the classical way to perform arithmetic 
is by using two's complement notation. In using two's complement 
notation, any subtraction operation becomes a sequence of bit comple- 
mentations and additions. This reduces the complexity of the circuits 
required ro perform a subtraction. 

When the SBC instruction is used in single precision subtrac-~ 
tion, ther. will normally be no borrow; therefore, the programmer 
must set the carry flag, by using che SEC (Set carry to 1) instruc- 
tion, before using the SKC instruction. The microprocessor adds the 
carry flag to the complemented memory data, resulting in a true two's 


complement form of the memory value with its sign inverted. 


Exemple 2.13: Subtract 2 numbers with borrow; positive result 


SLL TL Ns se 


Assumé a single precision subtraction where A contains 5 and M con- 
tains 3. The carry flag must be set to a 1 using the SEC instruc- 


tion, thereby representing the no-borrow condition. 


The adder changes the sign of M by taking the two's complement 
of M. This involves complementing M and adding the carry bit. 
Me 3 0000 Cdll 
Complemented M F1Lid 1100 


Add C= 1 1 
-M=-3 lil 1101 


The adder adds A and the two's complement -M together. This 
operation occurs simultaneously with the complement operation. 


A= 5 O000 O101 


Add -M= -3_ 11111101 
Carry =. /1/ 0000 0010 = +2 


The presence of the carry flag after this operation indicates 


that No Borrow was required, therefore the result is +2. 
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Example 2.14: Subtract 2 numbers with borrow; negative result 


r 


Assume a single precision subtraction where A contains 5 and M con- 


= tains 6. Set the carry flag to a 1 with SEC to indicate No Borrow. 


subtr 
M = 6 0000 0O110 
Complemented M 1112 ©1601 ~ comin 
= Add C = 1 1 
-M = -6 be 8 1010 
A= 5 0000 Q101 
= Add -M = -6 Jill 1010 
Carry = /Q. 3G ae ee eee 
The absence of the carry flag after this operation indicates 
= rogr 
that a borrow was required, therefore the result is a -1 in two's re 
complement form. The absolute (unsigned) result in straight binary 
-- could be obtained by taking the two's complement of this number. 
2.2.2.0 Multiple Precision Subtraction 
Double precision subtraction is implemented in a fashion 
similar. to addition. An example for subtracting a 16-bit number and 
7 storing the result follows: high 
Example 2,15: Subtracting two lo-bit numbers 
a . High Order Byte Tow Order Byte 
First Number Hi Li 
Second Number H2 Le 
— Result of Subtraction H3 3 
SEC Set Carry 
LDA j Load Low Order Byte, First Number 
7 SBC —L2 Subtract with Borrow, Low Order Byte of Second 
Number from Ll 
STA C3 Store Result in Memory 
LDA HL Load High Order Byte, First Number 
bt? 
SBC H2 Subtract with Borrow, High Order Byte of Second ae 
Number from Hl there 


STA H3 Store Result in Memory 
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itive result Example 2.16: Subtract in double precision format; positive 


result 
i 6M oceon- 
Sai tat Assume a double precision subtraction where 255 is to be 
subtracted from 512 for an example. Since there has been no borrow 
y coming into this subtraction operation, the carry flag must be set. 
Following are the 2 numbers in binary form: 
High Order Byte Low Order Byte 
- A field = 512 0000 0010 0000 0000 
M field = 255 0000 0000 1111 ii 
P Since the adder can only operate on single byte numbers, the 
suaicates . 
programmer must operate on the low order bytes first. 
in two's 
» binary M= i111 i wo 
~ Complemented M = 0000 00080 
jumber. Add C= 1 1 
-M 0000 0001 
A = 0000 0000 
eee Add ~M_= 0000 0001 
“anton Carry = /0/ 6000 cO001 
mee and The carry is brought over to the subtract operation on the 
high order bytes. 
5 M = C000 0000 
rder Byte Completiented M = 1111 es ie ie 
on : Add C = 0 0 
-M 1111 wee! 
ee A= 0000 0010 


Add -M = 1111 1111 
Carry = /1/ 0000 0001 


The result in binary form follows: 
© of Second 


Carry = /1/ 0000 0001 0000 0001 = +257 


The presence of the carry flag after the highest order byte 
subtraction indicates that the entire number required No Borrow, 


t. of Second " 
= therefore it is a positive number in straight binary form. 


if 


mm pm ee me 


: ee 


Example 2.17: Subtract in double precision format; negative 


result 


Yow assume a double precision subtraction where 512 is to be 


subtracted from 255. Again, since there has been no borrow coming 


into this subtraction operation, the carry flag must be set. 


Following are the two numbers in binary form: 


High Order Byte © 


Operating on the low order byte: 
M = 0060 0000 


fg & ed A 


M= 1112 ill | 
Me Oe ec UE, : 
Carry = /1/ 0000 co0d = Voce cec og 
AS ITE A ae See ret ‘ft 


Add -M = /1/ 0000 0000 ~ 
Carry = /1/ llil 1111 


es 


The presence of the carry = 1 indicates no borrow. 


Low Order Eyte 


A field = 255 6000 9000 tii. Ais 
M field = 512 0000 0010 0000 0000 


Pyrrhra | 


1 
. 


The carry is now brought over to the high order byte evb-~ 


tract operation: 
M = 0000 0019 


M = 1211 1101 . g 
Add C=1l L 
1ill ©1120 24 © 
_ A = 0000 0000 
M+cC = 1111 12110 


— 


Carry = /Of itil 1110 ~. * 


— ot 


The result in binary form is: 


Carry = /U/ t11l 1210 A111 VL = ~257 


o/ 


Carry 


—s 


rhe number is negative and is in two's complement form, 


2.2.2.1 Signed Arithmetic 


indicates the presence of a borrow, therefore 


Signed numbers can be subtracted, using the SBC instruction, 


just as easily as they can be added. The microprocessor converts the 


numbers from memory to its two's complemented form and ther 


to the value of the accumulator just as it does in an unsigned 
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subtract described in Section 2.2.2. The addition operation is 
identical to that described, and to the examples given in Section 
Paes Lack 

lt should be remembered that before using the SBC instruc- 
tion, either signed or unsigned, the carry flag must be set to a 1 in 
order to indicate a no borrow condition. The resultant carry flag 


has no meaning after a signed arithmetic operation. 


2.2.2.2 Decimal Subtract 


As indicated in the Section 2.2.1.2, it is possible to repre- 
sent numbers as packed 4-bit BCD numbers. In this case, which is 
again unique to this microprocessor, it is possible to make the adder 
act as though it ts a decimal adder. In this case, the function of 
the machine is one of correcting for the subtraction of positive num- 
bers by complementing the number, setting the carry and performing 
binary arithmetic with an automatic correction at the time the result 
is stored in the accumulator. The unique capabilities of this adder 


give the results as shown in the next example. 
Example 2.18: Decimal Subtraction 


SED Set Becimal Mode 

SEC Set Carry Fiag 

LDA 0100 O100 Ad 

SBC - OG010 1001 ra 

STA 0001 0101 L5 
By setting the decimal mode and setting the carry flag, one can sub- 
tract number 29 from number 44 with the results in the accumulator 
automatically being 15. 

As has been indicated, one can perform both addition and 
subtraction when the machine is set in decitnal mode, treating the 
bytes to be added as unsigned, positive, binary coded digits. The 
carry flag in addition represents the case when the result in the 


nuniber exceeded 99 and in subtraction the absence of the carry flag 


represents a true borrow situation. 
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2.2.3 Carry and Overilcw During Arithmetic Operations 


it is necessary to set or reset the carry tlag prior to the 
beginning of any arithwetic imstruction., Because the carry tlag is 
set or reset: as a result or the arithmetic Operution at the end of 
the loop, une can test the flag to determine whether or not a carry 
or a borrow vecurred in the operation. By proper use of the overtlow 


flag one can treat the high order bit of any set of bytes as a sign 


bit as long as the results of the negative numbers are carried in 


two's complement form. The microprocessor also .sets the overflow 
flip-flep to indicate when a result larger than can be stored in a 
7-bit field has occurred and when the resultant sign is incorrect. 
In binary arithmetic the carry tlag set indicates results in excess 
of 256, and in decimal arithmetic indicates results in excess of 99. 
Although the input carry is very important to these operations, a 


simple rule is: set the carry flag prior to subtract; clear the 


1 CUR Se er 





carry flag prior to add. 


2.2.4 Logical Operands 


In implementing a parallel binary adder there are several use- 
ful logic functions which are subsets of a binary add operation. In 
the MCS650X family, these subsets are used to implement the logical 
operands "AND," "OR," and "rFOR" (Exclusive Or). These operations are 


used to test and control bit manipulations. 


h Accumulator 


2.2.4.1 AND--Memory with 

The AND instructions transfer the accumulator and menory to 
the adder which performs a bit-by-bit AND operation and stores the 
result back in the accumulator. 

This instruction affects the accumulator; sets the zero flag 
tf the result in the accumulator is 0, otherwise resets the zero flag; 
sets the negative flag if the result in the accumulator has bit 7 on, 
otherwise resets the negative flag. 


This is symbolically represented by AAM >A. 
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AND is a "Group One" instruction having addressing modes of 
Inmediate; Absolute; Zero Page; Absolute,X; Absolute,Y; Zero Page,X; 
Indexed Indirect; and Indirect Indexed. 

One of the uses for the AND operation is that of resetting a 


bit in memory. In the example below, 


Example 2.19: Clearing a bit with AND 


LDA 13.00 Xlll1, where X is 0 or lL: 
AND ie OL 
STA 1100 id. 


a byte is loaded into the accumulator and the AND instruction resets 
the accumulator bit 3 to 0. The accumulatsc. jis then stored back into 


memory, thereby resetting the bit. 


2.2.4.2 GRA "oR" Memory with Accumulator 


The ORA instruction transfers the memory and the accumulator 
to the adder which performs a binary "ORK" on a bit-by-bit basis and 
stores the result in the accumulator. 

This is indicated symbolically by AVM A. 

This instruction affects the accumulator; sets the zero flag 
$f the resuit in the accumulator is 9, otherwise resets the zero flag; 
sets the negative flag if the result in the accumulator has bit v Ole 


otherwise resets the negative flag. ORA is a "Group One” instruction. 


lt has the addressing modes Immediate; Absolute; Zero Page; Absolute,X%; 


Absolute,Y; Zero Page,X; Indexed Indirect; and Indirect Indexed. 
To set a bit, the OR instruction is used as shown below: 
Example 2.20: Setting a bit with OR 
LDA 1110 XiI1, where X is 0 or l 


ORA 0000 1000 
STA 1110 l1lii 


2.2.4.3 EOR--~"Exclusive OR" Memory with Accumulator 





The EOR instruction transfers the memory and the accumulator 
to the adder which performs a binary “EXCLUSIVE OR" on a bit~by-bit 


basis and stores the result in the accumulator. 


Zt 


oe 


This is indicated syvmuolically by AWM + A. 

This instruction affects the accumulator; sets the 
if the result in the accuiulator is 0, otherwise resets the 
sets the negative flag if the result in the accumulator has 
otherwise resets the negative flag. 


FOR is a "Group One” instruction having addressing 


zero flag 
zero flag; 


Bit. 7 “on; 


modes of 


Immediate; Absolute; Zero Page; Absolute,X; Absolute,Y; Zero Page,X;} 


Indexed (ndirect; and Indirect Indexed. 


One of the uses of the EOR instruction is in complementing 


bytes. This is accomplished below by exclusive ORA-ing the byte with 


all L's. 
Example 2.21: Complementing a’ byte with EOR 
LDA 1910 1111 


BOR LLL ALLL 
STA O102 0000 
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One can view each of the individuat flags or status bits in the 
machine as individual flip-flops. The carry flag can be considered the 
ninth bit of an arithmetic operation. The decimal made flag is set and 
cleared by the user and used by the microprocessor to select either binary 

= or decimal mode. For programming convenience the microprocessor treats 
all of the flags or status bits as component bits cf a single 8-bit reg- 
ister. In Figure 3.1 the processor status register (or "P" register) is 
added to the block diagram. 
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Partial Block Diagram of MCS650X including P Register 
FIGURE 31 
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Each of the individual flags or bits has its own particular meaning in the 


microprocessor as defined in Figure 3.2. 


PROCESSOR STATUS REGISTER 





- CARRY 
——_-—_-~ ZERO RESULT 
ee INTERRUPT DISABLE 
DECIMAL MODE 


BREAK COMMAND 
EXPANSION 


OVERFLOW 


ee el 


— ee 








—_——eee ee 


NEGATIVE RESULT 
Processor Status Register | 


FIGURE 3.2 


30 CARRY FLAG {C} 


The carry bit which is modified as a result of specific arithmetic 


operations or by a set oF clear carry command has been discussed previously. 


In the case of shift and rotate tastcuction, the carry bit is used as a 
ninth bit as it is in the arithmetic operation. The carry flag can be set 
or reset by the programmer. A SEC instruction will set and a CLC instruc— 
tion will reset the carry flag. Operations which affect the carry are ADC, 


ASL, CLC, CMP, CPX, CPY, LSR, PLP, ROL, RTL, SBC, SEC. 


3.0.1 SEC Set Carry Flag 


This instruction initializes the carry flag to a il. This op~ 
eration should normally precede a SBC loop. It is also useful when 
used with a ROL instruction to initialize a bit in memory to al. 

This instruction affects no registers in the microprocessor 
and no flags other than the earry flag which is set. 

SEC is a single-byte instruction and its addressing mode is 


Implied. 
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3.0.2 Chv--Clear Carry Flag 


This instruction initializes the carry flag to a Q. This op-— 
eration should normally precede an ADC loop. It is also useful when 
used with a KROL instruction to clear a bit in memory. 

This instruction affects no registers in the microprocessor 
and no flags other than.the carry flag which is reset. 

CLC is a singlé--byte instruction and its addressing mode is 


Implied. 


3.1 ZERO FLAG {(Z} 


This flag is automatically set by the microprocessor during any data 
movement or calculation operation when the 8 bits of results of the opera- 
tion are 0. Therefore, the bit is on ("1") when the results are 0, and 
off ("0") when the results are not equal to 0. The feature of the machine 
is similar to that of the PDP11 in the sense that operations which are 
decrementing index registers or memory locations have a built-in test for 
O as a result of decrementing to the 0 condition. It is also possible to 
test for O condition immediately following load and other logical opera- 
tions, as apposed to processors which have to do a test and branch instruc- 
tion. The Z flag is not directly settable or resettable by an instruction 
but is affected by the following instructions: ADC, AND, ASL, BIT, CMP, 
CPY, CPX, DEC, DEX, DEY, EOR, INC, JINX, INY, LDA, LDX, LDY, LSR, ORA, PLA, 
PLP, BOL, -RIT,..SEC, TAX, TAY, DtaA,s ita. 


3.2 INTERRUPT DISABLE (f} 


The interrupt disable is a flip-flop made use of by the programmer 
ang hv the microprocessor to control the operations of the interrupt re- 
quest pin. A more detailed discussion of the effects of the interrupt 
disable are given in the discussion under interrupt control. However, the 
purpose of the interrupt disable is to disable the effects of the interrupt 
request pin. The interrupt disable, I, is set by the microprocessor dur- 
ing reset and interrupt commands. The I bit is reset by the CL1 instruc- 
tion or the PLP instruction, or at a return from interrupt in which the 
interrupt disable was reset prior to the interrupt. The interrupt flag 


may be set by the programmer using a SEI instruction and is cleared by the 


wd 


In addition to its use to monitor the validity of the sign bit in Ade 
and SBC instructions, the overflow flag in the MCS650X products is dranat- 
ically changed from PDP11 and the MC6800. In those systems the overflow 
flag was very carefully controlled so as to allow certain signed branches 
for analysis of signed numbers. These branches have been deleted from the 
MCS6500 series because of confusion and difficulty often associated with 
using them, and so therefore, the overflow flag is applicable cnly to the 
operation of ADC and SBC, and then only when using signed numbers, 

However, in order to maximize the effectiveness of this testable flag 
the BIT instruction which may be used to sample interface devices, allows 
the overflow flag to reflect the condition of bit 6 in the sampled field. 
Ducing a BIT instruction the overflow flag is set equal to the content of 
the bit 6 on the data tested with BIT instruction. When used in this mode, 
the overflow has nothing to do with signed arithmetic but is just another 
sense bit for the microprocessor. Instructions which affect the V flag are 
ADC, BIT, CLV, PLP, RTI and SBC. On certain versions of the microproces~ 


gor the V bit will also be available for stimulus From the outside world. 


3.6.1 CLV--Clear Overttow Flag 


This instruction clears the overflow flag to a Q. This com- 
mand is used in conjunction with the set overftow pin which can change 
the state of the overflow flag with an external signal. 

CLV affects no registers in the microprocessor and no flags 


other than the overflow Flag which is set to a QO. 


re re ern 


To briefly recap the concept of overflow detection, one must 
understand that the machine signals an overflow based on the data 
entered to the operation and the final result, Since, with signed 
arithmetic, the range of numbers that be represented is +127 to ~-123, 
the overflow flag will never set when numbers of opposite sign ire 
added, since their result will never exceed that range. The machine 
deals with this by recognizing that for any 2 positive numbers, the 


"hit 7" of each is a "0" and that for any arithmetic operation 
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yielding a result less than or equal to +127, the resultant al = eae 

must be a "0." Ff it is aj, the overflow flag is set. 
Similarly, when two negative numbers are added, the "bit 7" of 

each ig a "1" and for any result yielding a value less than or equal 

to ~128, the resultant "bit" must be a ")." Tf dt is a 0, the over 

flow flag is set. ! 
Therefore, the machine recognizes by knowledge of the Bae 7 

of each of the numbers to be added what the resultant “bit 7" must be 


<n a non-overfiow situation. If these conditions are not met, the 


overflow flag gees set. 


3.7 NEGATIVE FLAG (N) 


As already discussed, one of the uses of the microprocessor is to perm 
form arithmetic operations on signed numbers. To allow the user to readily 
sampie the status of the sign bit (bit 7), the N flag is set equal to bit / 
of the resulting value in all data movement end data arithmetic. This 
means, for instance, after a signed add one can determine the sign of the 
result by sampling the N flag directly rather than finding a way to iso- 
late bit 7. Although signs were the primary pucpose for which the N flag 
was intended, its usefulness far exceeds that of strictly a sign bit. 
Because of every operation including simple moves and add operations the h 
bit is equal to the status of bit 7 as a result of the operation; its pri- 
mary use becaucs that of an easily testable bit. Almost all single-bit in- 
structions, al] interrupts and all I/0 status flags use bit J as a sense bik. 
This allows the user to perform some type of memory access operation such 
as Load A followed by immediate conditional branch based on the status cf 
bit 7 as reflected in the N flag. Like the Z bit, this flag is not settable 
or controllable by the programmer and represents the status of the last data 
movement operation. Instructions which affect the negative flag are ADC, 
AND, ASL, BIT, CMP, CPY, CPX, DEC, DEX, DEY, BOR, INC, INX, INY, LDA, Le 
LDY, LSR, ORA, PLA, PLP, ROL, BIT, SBC, TAX, TAY, TSX, IXA and TYA. 
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3.8 FLAG SUMMARY 


fo summarize, the microprocessor treats a series of flags or status 


oi ‘ 


bits as a single register called the "P" or "Program Status" register. 
Some of these flags are controllable only by the programmer (such as the D 
flag); cthers are controllable by both the user program and microprocessor 
(such as the interrupt disable flag). Some of them are set and reset by 
almost every processor operation, such as the N and Z flags. Each of these 
flags has its own meaning to the programmer at a particular point in time. 
When combined with the concept of conditional branches, they represent a 
powerful test and jump capability not normaily found in a wachine of this 
magnitude. Other than perhaps the carry flag which is used as part of the 
arithmetic instructions, the flags by themselves have relatively little 
meaning unless one has the ability to test them. For this purpose there 


is a series of conditional branch instructions designed into the machine. 
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CHAPTER 4 


TEST, BRANCH AND JUMP INSTRUCTIONS 
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Page, sion about how the microprocessor understends the instructions used to 
machine, . : i i 

he machine perform varlous erithmetic end accumulator manipulations. However, it 


is appropriate that the concept of a program and how the microprocessor 
determines cach instruction be developed. More registers are required 


in the machine as shown in the figure below. 
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Although two 8 bit repisters have been added, they are the only 
registers in the machine that act as though they are one 16 bit reg- 
ister. They implement a concept known as program count or program 
sequence and subsequently their value will be referred to as PC or 
program count. In certain operations it may be convenient to talk 
about how one affects the program count low (PCL) which will be the 
lover 8 bit register or the program count high (PCH) which will be che 
higher 8 bit register. The reason for this register being [6 bits in 
length is that if it had only 8 bits it would only be able to reference 
256 locations. Since it is through the address bus that one accesses 
menory, the program counter which defines the addressable Location, 
should be as wide a word as possible. 

The accessing of a memory location is called "addressing". [t is 


the selection of a particular eight-bit data word (byte) out of the 


65,536 possibilities for memory data locations. This selection is trans- 


mitted to the memory through the 16 address tines (ADH, ADL) of the miecre 


processor. 

Foc a more detailed discussion of how an individual memory byte is 
selected by the address lines, the reader is referred to Chapter 1 of 
the Hardware Manual. 

Lf the program counter was only 1 byte and if the bit pattern which 
allows the micreprocesser to enocse which instruction it wants to aet on 
next, such as "LDA" as opposed to an "AND", was contained in one byte of 
data we could only have 256 program steps. Although the imachine of this 
length might make an interesting toy, it would have uo real practical 
value. Therefore, almost ail of the competitive 8 bit microprocessors 
have chosen to go to a double length program counter. Even though some 
of the microprcecessors of the MCS650X family do not have al} of the out- 
put address lines necessary to allow the user to address 65K bytes of 
program (due to package pinout constraints), in all cases the program 
counter is capable of addressing a full 65K by virtue of it's 16 bit 


length. 
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The microprocessor contains an internal timing and state con- 
trol counter. This counter, along with a decode matrix, governs the 
operation of the microprocessor on each clock cycle. When the state 
of the microprecessor indicates that a new instruction is needed, 
the pregram counter (program address pointer) is used to choose 
(address) the next memory location and the value which the memory . 
sends back is decoded in order to determine what operation the 
MCS650X is going to perform next. | 7 

To use the program counter to perform this operation cor~ | 
rectly, it must always be addressing the operation the user wants 
to perform next. This operation may be an instruction or may be 
data on which the instruction will operate. : 

In the MCS650X family, the program counter is set with the 
value of the address of an instruction. The microprocessor then 
puts the value of the program counter onto the address bus, trans-~- 
ferring the 8 bits of data at that memory address into the instruc- 7 
tion decode. ‘The program counter then automatically increments by 
one and the microprocessor fetches further data for address operation 


necessary to complete the instruction. In the simple example below, 


Example 4.1: Accessing Instr uctions with the P Counter Value 


P Counter* Location Contents 


Q100** LDA *Program Counter 
OLO1 ADC **Hexadecimal 
0102 STA Notation 


one can see how the program counter is used to access the instruc- 
tion sequence load A, add with carry, and store the result. In this 
example, the program counter would start out containing 0100. The 
microprocessor would read location 6100 by using the program counter 
to access memory and would then interpret and implement the LDA in- 
struction as previously described. The program counter will auto- 
matically increment by one on each instruction fetch, stepping to 


0101. frer performing the LDA, the microprocessor would fetch the 
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next instruction addressing memory with the program counter. his 
would pick up the ADC instruction, the add would then be performed, 
the program counter which has been incremented to 0102 would be used 
to address the next instruction, STA. The P counter incrementing 
once with each instruction is an oversimplified view of what actu- 
ally transpires within the microprocessor. 

The MCS650X precessors usually require more than one byte to 
correctly interpret an instruction. The first byte of an instruction 
is called the OP CODE and is coded to contain the basic operation 
such as LDA (load accumulator with memory) and also the data neces~ 
sary to allow the microprocessor to interpret the address of the data 
on which the operation will occur. In most cases, this address will 
appear in memory right after the OP CODE byte. This allows the micro- 
srocessor to use the program counter to access the address as well as 
the OP CODE. 

The following example shows how the program counter picks up 


the instruction and the address of data located ak address 5155. 


Example 4.2: Accessing Data Address With P Counter Vajue 


en 


P Counter Location Contents 
0100 LDA 
0101 25 
0102 a1 
0103 Next Instruction 


The OP CODE appears in Location Address 0100. The code for the 55 
would appear next in Location Address 0101 and the 5] would appear 

in Location Address 0102, and the OP CODE for the next instruction 
appears in Location Address 0103. In this example, we see that the 
program counter is used not only to pick up the operation code, LDA, 
but is also used to pick up the address of the memory location from 
which the LDA is going to obtain its data. [n this case, the program 
counter automatically is incremented three times Co pick up the full 
instruction with the microprocessor interpreting each oi the indivi- 


dual fetches as the appropriate data. In other words, the First 
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fetch 1s used to pick up the OP CODE, LDA, the second fetch is used to 
pick up the low order address byte of the data and the third fetch is 
used to pick up the high order address byte of the data. This is the 
form in which many of the microprocessor instructions will appear as 
it is the most simple form of addressing in the machine and allows 
referencing to any memory location. 

Assuming that the microprocessor has the ability to start the 
program courter 6t a known instruction, it should be fairly obvious 
that the program counter would then continue to advance from that 
location up to the maximum memory location, roll over to the least 
memory location and continue incrementing through the memory, fetch- 
ing instructions and addresses as it went. This would give us an 
interesting sequential program but one which lacked one tremendous Jy 
powerful concept. The program would have no ability to perform tests 
or implement various options based on the results of those tests. 

In the previous section, the concept of flags which are set as 
a result of the microprocessor operations was developed. 

To use these flags, the program should be able to test them 
and then change the sequence of operations which are being performec 
depending on the result of the test. The program counter is going _ 
to continually put out an address, the microprocessor is going to 
fetch the instruction stored at that address and perform operations 
based on that instruction. In order to change a sequence of perform~ 
ed instructions by the microprocessor, the programmer must change the 
value in the program counter. Therefore, test instructions are in 
corporated which may result in a change of program count sequence a3 
a result of performing one of the tests. The simplest way to change 
program sequence is to substitute a new value into the program counter 
location. In the MCS650X microprocessors the simplest way to change 


the program count sequence is with a JMP instruction. 
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4.0.2 JMP--Jump to New Location 

In this instruction, the data from the memory location 
located in the program sequence after the OP CODE is loaded into the 
Low order byte of the program counter (PCL) and the data from the 
next memory Location after that its loaded into the high order byte 
of the program counter (PCH). 

The symbolic notation for jump is (PC + 1)>*PCL, (PC + 2)->PCH. 
As stated earlier, the "{ )" means "contents of" a memory location. 
PC indicates the contents of the program counter at the time the 
OP CODE is fetched. Therefore (PC + 2)+PCH reads, "che contents of 
the program counter two locations beyond the OP CODE fetch location 
are transferred to the new PC high order byte." 

The addressing modes are Absolute and Absolute Indirect. 

The JMP instruction affects no flags and only PCL and PCH. 

The JMP instruction allows use of the program counter to access 


the new program counter value as illustrated by the following exauple: 


Example 4.3: Use of JMP Instruction (Absolute Addressing fode) 


Address Data Comments 
0100 JMP Jump to Location 3625 
OLOL 25 Glew PCL byte) 
0102 36 (New PCH byte) 
3625 OP CODE Next Instructioa 


The program counter in the example starts out at location 100. The 
microprocessor loads a jump instruction. The program counter auto-~ 
matically increments to 101 where the microprocessor picks up and 
temporarily stores the 25. The program counter automatically in- 
crements to 102 where the microprocessor picks up the 30s 

The 3625 is substituted into the program counter and is used 
to address the next instruction. Therefore, the JMP instruction 
contains within its address the new program counter location. 

Although the jump allows the change of program sequence, it 
does so without performing any test. So it is a JMP instruction that 
is employed when it is desired to change the program counter no mather 


what conditions have occurred. 
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Another JMP addressing Mode in the Indirect Addressing Mode. 
Before this technique can be understood, the basis of indirect addressing 
found in Chapter 6 must be reviewed. The JMP Indirect instruction is 


detailed in Chapter 9, page 141. 


4.1 BRANCHING 


9 allow for conditional program sequence change, there are a series 
of branch instructions which test and perform optional changes of the pro- 
gram counter based on the status of the flags. To perform a conditional 
change of sequence, the microprocessor must interpret the instruction, 
test the value of a flag, and then change the P counter if the value 
agrees with the instruction. If the condition is not met, the program 
counter continues to increment in its normal fashion. Figure 4.2 


illustrates how a conditional test might be used. 
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In this example, it is seen that generation of a carry from the add 


operation will allow an out-of-sequence branch to a new Location. ; 
: reading 
4.1.1 Basic Concept of Relative Addressing ments s 
f£ one considers that the instruction JMP required three The add 
bytes, one for OP CODE, one for new program counter low (PCL) and metic s 
one for new program counter high (PCH) it is seen that jump on carry relativ 
= set would also require three bytes. Because most programs for con- indicat 
trol require many continual jumps or branches, the MCS650X uses notatio 
_ Nrelative" addressing for all conditional test instructions. To the nex 
perform any branch, the program counter must be changed. In rela- branche 
tive addressing, however, we add the value in the memory location and all 
= following the OP CODE to the program counter. Tnis allows us to dressin 
specify a new program counter location with only two hytes, one 
for the OP CODE and one for the value to be added. 
To illustrate this, in the following example, the branch on 
carry set (BCS) illustration is followed by a vainue of 50. If the 
— carry is set, the new program location would be 108 + 50 = 158; in 
other words, it will take the branch. 
- Example 4.4: Illustration of “Branch on Carry Set! 
Address Data Comments. 
0100 LDA Load First Value 
OLOL ADLL First Nuwber, low byte 
0102 ADH 1 First Number, high byte 
0103 ADC Add Second Value 
Oic4é ADL2 Second Number, low byte 
0105 ADH2 Second Number, higno byte 
0106 BCS test for Carry Set. If 
yes, branch to 0158 
_ 0107 | +50 fied t 
0168 STA If not, store results 
of add sequen 
OL09 ADIL3 Result, low byte use of 
7 O1OA ADH3 Result, high byte 


0158 OP CODE New Instruction 
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The 0108 represents the value of the program counter after 
reading the offset value. The program counter automatically incre- 
ments so it can reference the next memory location on the next cycle. 
The add of the offset is a signed binary add as discussed in the arith- 
metic section. A positive branch is indicated by a 0 in bit 7 of the 
velative value, and a minus branch is in two's complement form and is 
indicated ty a l in bit 7. The inherent capabilities of this type of 
notation system allow branch conditionally forward 127 bytes from 
the next inetruction and back 128 bytes from that instruction. All 
branches jn the MCS650X series are conditional relative branches 
and all have the form shown above. The advantage of relative ad~ 


dressing is best shown in the following example: 


Example 4.5: Seguencing ‘two Branch Instructions 


Address Data Comments 

0206 LDA Load First Value 

O1LOL ADL1 

0102 ADHL 

-9103 ADC Add Second Value 

6104 ADL2 

01205 ADHZ 

0106 BCS Test for Carry Set. If 
yes,branch to 0158 

0107 +50 

0108 BMI Test for Minus Number. 
lf yes, branch to 0095 

0109 ~75 

O10A STA If not, Store 

0108 ADL3 

O10C ADH3 


In this example, the previous single-branch example was modi- 
fied to also test the resulting number to see if it is negative. In 
sequencing two-branch instructions, this loop is 2 bytes shorter by 


use of relative branches rather than 3 byte branches. 
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4.1.2 Branch Instructions 


4.1.2.1 BME ~ Beanch on Result Minus 


2 Pe: 


This instruction takes the conditional branch if the N bit 


BMI does not affect any of the flags or any other part of 
the machine other than the program counter and then only if the 
N bit is on. 


The mode of addressing for BMI is Relative. 


Wolyere DBPL = Branch On. Result Pius 


This instruction isc the comptementary branch to branch on 
result minus. Tt is a conditional branch which takes the branch when 
the N bit is reset (0). BPL is used to test it the previous result 
bit 7 was off (0) and branch on result minus is used to determine if 
the previous result was minus or bit 7 was on (1). 

The instruction affects no Flags or ather registers other 
than the P counter and only affects the P counter when the N bit is 
resect. 


The addressing mode is Relative. 


4.1.2.3 BCC - Branch on Carry Clear 


This instruction tests the state of the carry bit and takes 
a conditional branch if the carry bit is reset. 

tt affects no Flags or registers other than the program 
counter and then only if the C flag is not on. 


The addressing inode is Relative. 


4.1.2.4 BCS - Branch on Carry Set 


- This instruction takes the conditional branch if the cerry 
flag is on. 
BCS does not affect any of the flags or registers except for 
the program counter and only then if the carry flag is on. 


The addressing mode is Relative. 
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4.1.2.5 BEQ ~- Branch on Result Zero 


2. ew CEE aw a - e 


This instruction could also be called "Branch on Equal.” 
It takes a conditional branch whenever the Z flag is on or the previ- 
ous result is equal to Q. 

BEQ does not affect any of the flags or registers other than 
the program counter and only then when the Zz flag is set. 


The addressing mode is Relative. 


4.1.2.6 BNE - Branch on Result Not Zero 





This instruction could also be cailed "Branch on Not Equal.” 
It tests the Z flag and takes the conditional branch if the Z flag is 
not on, indicating that the previous result was not zero. 

BNE does not affect any of the flags or registers other than 
the program counter and only then if the Z flag is reset. 


The addressing mode is Relative. 


4.1.2.7 BS - Branch on Overflow Set 


— 
ee er 


This instruction tests the V flag and takes the conditional 
vranch if V is on. 

BVS does not affect any flags or registers other than the 
program counter and only when the overflow flag is set. 


The addressing mode is Relative. 


4.1.2.8 BVC - Branch on Overflow Clear 


This instruction tests the stetus of the V flag and takes 
the conditional branch if the flag is not set. 

BYVC does not affect any of the flags and registers other 
than the program counter and only when the overflow flag is resct. 


The addressing mode is Relative. 
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fo summarize, the MCS650X branches have two characteristics; 
each of them tests the state of a flag and then either accesses the 
next instruction in program sequence if the flag is not in the test 
state or adds the offset value to the PC value at the OP CODE of the 
next instruction (PC + 1) to allow the program to change operations. 
This allows the programmer the full ability to make decisions. By 
writing a sequence of branch instructions, any compination of condi- 
tions of the microprocessor may be determined and new action taken 
as a result of the tests. 

There are four branch conditions in the MCS6501-5 micropro- 
cessors. These are branch on carry tlag, branch of overflow flag, 
branch on N flag, and branch on zero flag. Each of the branches has 


a branch on flag set (1) or branch on flag clear (0). 


4.1.4 . Solution to Branch Out or Range 


The branch relative instruction is unlike the jump instruc- 
tion which can reach anywhere in memory, since branch relative is 
Limited: to +127 or -128 from the current program counter Location. 
Although for many locps and many tests this is sufticient range, 
longer programs will occasionally find it necessary to condition- 
ally branch to a location that is significantly further away than 
the branch command will directly reach. This is one of the uses 
of complementary. branches. If a program should find it necessary 
to branch to a location which was significantly further away than 


127, the following solution would facilitate the branch: 
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Example 4.6: Use of JMP to Branch Out of Ranpe 





Address Data Couments 

109 LDA Load First Value 

10} ADLL 

102 ADH1 

103 ADC Add Second Value 

104 ADL.2 

105 ADH2 

106 BCC Branch, if no carry, 
ahead 3 {to Point 2) 

107 +3 

108 JIM? If cacry set, jump to 
location specified by 
ADH4, ADL4 

109 ADL4 

LOA ADH4 

Point Zz 1903 BMI Check for Minus 

10¢ Offset 

10D STA 

LOE ADT,3 Lf not minus, Store 
Result 

LOF ADH3 


In this example, carry set is being checked. In order to accomplish 
this when the branch command would have to reach outside of the 128 
range, the use of a complementary branch is required. Instead of 
doing the “hranch on carry set" to the Jocation, the “branch on 
carry clear" is utilized (a complementary instruction) which branches 
past the jump. If the complementary branch is not taken, the jump is 
the "branch on carry set" function. 

This technique of branching past a jump with the complementary 
branch is a universal solution to the branch out of range problem. 

Another solution is to find a like branch to the same location 
that is within range and although this involves two branches to trans~ 
fer control, it does save memory locations. 

By use of the relative branch less bytes of ccde are used than 


if a conditional jump had been used, However, in large programs, the 


‘branch out of range occurs more frequently. If the user can determine 


that a branch will be out of range by inspection, he should use the 


jump solution at the time he is writing the code. Otherwise, the 
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setting o 


require recoding to use the jump solution. eemee setae 
oF NOTE: The jump solution causes 5 bytes of code to be 
substituted for 2 bytes of branch which in a symbolic LoD 
assembly may force other branches to go out of range. 
This might cause several consecutive reassemblies but 
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4.2 TEST INSTRUCTIONS 


Although most of the normal operations of the microprocessor involve 


371 j : pesca 3 a : : ’ 
, setting of flags, there are specific instructions which are designed only 


to sect flags for testing with the branch instruction. 


be 


1 rmbolic 4.2.1 CMP - Compare Memory and Accumulator 


ed 


OL range. fet) od ; 
: This instruction subtracts the contents of memory from the 


w?ies but 
contents of the accumulator. 
Its symbolic notation is A ~- M. 
The use of the CMP affects the following flags: Z flag is 
set on an equal comparison, reset otherwise; the N flag is set or 
eset by the result bit 7, the carry flag is set when the value in 
o the accumulator, reset when it is 


than or equal 





memory is less 
—= 
greater than the accumulator. The accumulator is not affected. 

It is a "Creup One” instruction and therefore has as its 

addressing modes: Timmediate; Zero Page; Zero Page,X%; Absolute; 
_ | | Absolute,X: Ahsolute,Y; (indirect,X); (CIndirect),yY. 

The purpose of the compare instruction is to allow the user 
to compare a value in memory to the accumulator without changing 
the value of the accumulator. An exemple of where this becomes 
extremely important is when one is receiving command instructions 

a from an external device. In this case, an input byte may have 
several values. Fach value can cause the program to perform a 
different operation. The only rapid way to deteimine che value. of 
the input data is to compare the memory with a serics of constants. 
It is fairly simple to perform "compare to constant" operations. 

By use of the immediate addressing mode which will be developed 


later, the following example compares an input to three values 


; snd branches tao different locations for each: 


i* 
Ly 


Example 4,7: Using the CMP instruction — 


ee re pe ae 


Data Comments 

sa LDA Load Value 
ADL Address Low 
ADH Address High 
CMP Compare COUNT 1 to Accumulator 

_ COUNT 1 7 
BEQ If Equal, take the branch of OFFSET 1 
OFFSET 1 

7 CMP Compare COUNT 2 to Accumulator 

| COUNT 2 
BEQ If Equal, take the branch of OFFSET 2 
OFFSET 2 

: CMP Coupare COUNT 3 to Accumulator 
COUNT 3 
BEQ If Equal, take the branch of OFFSET 3 
OFFSET 3 

a Next Inst, Otherwise, go to Next Instruction 


based on default value (COUNT 4). 


This example shows how to use the default option. A value 
was compared against 3 values and if none were equal a fourth, or 
default value, is assumed. This is a useful technique for code 
minaimization. 

The comparc instruction is designed to allow a signed compari-~ 
son between 2 values assuming one makes appropriate use of the 2 and 

- N and C flags. In order to give maximum flexibility to the instruc- 

tion, the instruction performs an effective subtract between the value 
in memory and the value in the accumulator, The reason it is an ef- 
fective subtract is that subnraction allows the user to compare equal 
or less with one instruction. 


~ The results of a compare are: 


N c 4 ¥ 
_ Accumulator < Memory Either Reset Reset Unchanged 
Accumulator = Memory Reset. Set Set Unchanged 
Accumulator > Memory Either Set Reset Unchanged 


oe So, to check if the accumulator is less than memory, the com~ 
pare is followed by a BCC; to check 1f£ equal to is followed by a BRE; 
and to check if greater it is followed by a BEQ Followed by a RBCS. 


Greater than or equal is checked by BCS, 
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4.2.2 Bit Testing 


—_ om 


The comparison instruction is designed for cases when byte or 
multiple bytes of values are being compared; however, in the analysis 
of logic functions, it is very often necessary to cetermine the con- 
dition of an individual bit. One of the ways to accomplish this is 
with the use of the AND instruction as previously discussed. In other 
words, the user can load a value into the accumulator and AND it with 
a field that contains a one bit only in the corresponding bit posi- 
tion to the bit under test. By using a Branch on Zero Flag after 
the AND, the status of the bit in memory is testable by this tech- 
nique. However, the use of this technique involves destroying the 
accumulator value with the AND instruction. Therefore, searching a 
table looking for a single bit jn a given position would necessitate 
the reloading of the test value (mask) after each AND instruction. 

Ii: order to allow wemory sapling without disturbing the accumulator, 


the BLT instruction is used. 


Av2aeed: Bia 


A 


~ Test Bits in Nemory with Accumulator 


—— ee 


This instruction performs an AND between a inemory locaticn 
and the eccumulator but does not store the result of the AND into 
the accutuulator. 

The aymbolic notation is WA A. 

The bit instruction affects the N flag with N being set fo 
the value of bit 7 of the memory being tested, the V flag with V 
veing set equal to bit 6 of the memory being tested and Z being set 
by the result of the AND operation between the accumulator and the 
memory if the result is Zero, Z is reset otherwise. It does not 
affect the accumulator. 

The addressing modes are Zero Page and Absolute. 

The BIT instruction actually combines two instructions from 
the PDP-11 and MC62@90, that of TST (Test Memory) and (Bi? Test}. 
Thie, like the compare test, allows the examination of an individual 
bit without disturbing the value in the accumulator and is illustra- 
ted by the example below: 


4? 


Example 4.8: Sample Program Using the #IT Test 


Data Comments 

LDA Load MASK into Accumulator 

MASK 

BIT Test First Memory Value for Mask Bit 
ADL1 

ADH] 

BNE Branch if Set 

+50 

BIT Test Second Memory Value for Mask Bit 


ADL2 
ADK2 
BNE Branch tf Set 
~7)> 
CC. 

The value "MASK" loaded into the accumulator in this example 
is actually a descriptive title since, this byte is 8 bits, only one 
of which is a l. Using this byte in the AND operation inherent in the 
BIT test will effectively mask out all bits in the memory location under 
test except that bit position corresponding to the 1 residing in the 
accumulator. In Example 4.8, the MASK byte is AND'ed to the data 
found in locatian ADHL, ADL1 and if the bit under test is al, the 
branch will be taken; if not a 1, the second memory location will de 
tested with the same mask, etc. 

In addition to the nondestructive teature of the bit which 
allows us to isolate an individual bit by use of the branch equal or 
branch no equal test, two modifications to the r’DP-11l version ot that 
instruction have been made in the MCS650X microprocessor. These are 
to allow a test of bit 7 and bit 6 of the field examined with the BIT 
test. This feature is particularly useful in serving polled interrupts 
and particularly in dealing with the MCS$6520 (Peripheral Interface 
Device). This device has an interrupt sense bit in bit 6 and bit 7 
of the status words. It is a standard of the M6800 bus that whenever 
possible, bit 7 reflects the interrupt status of an I/Q device. This 
means that under normal circumstances, an analysis of the N flnig 
after a luad or BIT instruction should indicate the status of the 


bit 7 on the 1/0 device being sampled. To facilitate this test using 
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the Bit instruction, bit 7 from the memory being tested is set 
into the N flag irrespective of the value in the accumulator. 

This is different from the bit instruction in the M6800 which re- 
quires that bit 7 aiso be set on the accumulator to set N. The 
advantage to the user is that if he decides to test bit 7 in the 
memory, it is done directly by sampling the N bit with a Bit fol- 
lowed by branch minus or branch plus instruction, This means that 
1/0 sampling can be accemplished at any time during the operation 
of instructions irrespective of the value prelvaled in the accumu- 
lator. 

Another Feature of the BIT test is the setting of bit 6 into 
the V flag. As indicated previously, the V flag is normally reserved 
for overflow into the sign position during an add and subtract in- 
struction. In other words, the V tlag is not disturbed by normal 
instructions. When the BIT instruction is used, it is assumed that 
the user is trying to examine the memory that he is testing with the 
BIT instruction. in order to receive maximum value from a 51T in- 
struction, bit 6 from the memory being tested is set into the V flag. 
in the case of a normal memory operation, this just means that the 
user should organize his memory such that both of his flags to be 
tested are in either bit 6 or bit 7, in which case an appropriate 
mask does not have to be Jeaded into the accumulator prior to imple- 
menting the BIT instruction. In the case of the MCS6520, the BIT 
instruction can be used for sampling interrupt, irrespective of the 
mask. This allows the programmer to totally interrogate both bit 6 and 
bit 7 of the MCS6520 without disturbing the accumulator. In the case 
of the concurrent interrupts, i.e., bit 6 and bit 7 both on, the fact 
that the V flag is automatically set by the BIT instruction allows 


the user to postpone testing for the "6th bit on’ until after he has 
totally handled the interrupt "for bit 7 on" unless he performs an 


arithmetic operation subsequent to the BIT operation. 
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CHAPTER 5 


me NON-INDEXING ADDRESSING TECHNIQUES 


5.0 ADDRESSING TECHNIQUES 


The addressing modes of the MCS6500 family can be grouped into two 
major categories: Indexed and Non-Indexed Addressing. This section deais 
with the Non~iIndexed mode of addressing. Before detailing the various 
modes available to the user, several concepts will be reviewed. The first 
of these is the concept of memory field, address bus and data bus. Then a 
brief introduction to two non-indexed addressing modes and timing will be 
made with the intent of preparing the reader for a discussion of program 

- sequence and the internal activity of the microprocessor duriug execution 
of an instruction. This will be followed by a review of how one treats 
memory and the assorted allocation of memory space to the elemcnts of RAM, 
ROM and I/0. 

Subsequent to reading this section the user should have an understand- 
ing of the following fundamentals: 

a) Memory Field 
b) Address Bus 
c) Data Bus 
d)} Cycle Timing 
- e) Program Sequence 
f) Pipelining | 
With these tools in hand, the reader will be better prepared to readily 
comprehend the detailed definitions of the non-indexed addressing tinodes. 
As discussed in Section 1.1! the MCS650X microprocessor family is 
= organized around a 16-bit address function. All locations are accessed by 
a l6-bit word, even though in the case of the MCS6503, the MCS6504, and 


the MCS6505, only 11 or 12 bits are actually utilized. 


50 


Sixteen bits of address allow access Co 65,536 memory Jocations, each 
of which, in the MCS6S50X family, consists of 8 bits of data. Figure 5.1 
displays the total memory field and incorporates the concept of address bus 
and data bus. The memory address can be regarded as 256 pages (each page 
defiaed by the high order byte) of 256 memory locations (bytes) per page. 
It will be seen in the detailed discussion of addressing that the lowest 
order page, page zero, has special significance in the minimization of pro- 
gram code and execution time. 

Much of the uniqueness of the MCS6500 product family has to do with 
how the 16-bit address is created. ‘he simplest way to create a 1lO-bit ad— 
dress is for the programmer to indicate to the microprocessor the 16 bits 
necessary to access a particular operand on which the microprocessor is ex- 
pected to operate. An instruction consists of 1, 2, or 3 bytes. [It always 
takes 1 byte to specify the operation which is to he performed (OP CODE) . 
This OP CODE is then followed by 0, 1, or - bytes of address depending on 
the specific operation involved. In the case of the simple instructions 
such as transfer accumulator to X, overations are performed internally and, 
therefore, no additional bytes are necessary. This instruction mode is 
known as "Implied" in the sense that the instruetion contains both the OP 
CODE and the source and destination for the operation. This is the simplest 
form of addressing and applies to only a limited number of the instructions 
available in the MCS6500 family. Another Form of addressing, absolute ad-_ 
dressing, is the case when the programmer specifies directly to the micto- 
processor the address he wants the microprocessor to use in fetching the 
memory value on which the operation will occur. This form is illustcated 
by the example below. 


Example 5.1: Using absolute addressing 


Clock Cycle Address Bus Data Bus 
1 0100 LDA, Absolute 
ys 0101 ADL 
3 0102 ADH 
4 ADH, ADL Data 


In this example, memory location 0100 contains the OP CODE "LNA Abso~ 


lute.'' The next location, 0101, contains ADL which will be defined as the 
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“row order byte of the address," hence address low (ADL). Location 0102 
contains ADH--the "high order byte of the address," hence address high (ADI). 
At the next clock cycle, the 16 bits composed of ADH and ADL are put on the 
address bus with the location defined by ADH, ADL containing the data to be 
toaded into the accumulator. The effective address of the data is best 
described in Figure 5.1, where the 16-bit address (ABOO through AB15) is 
composed of ADH and ADL. 

This is the norma] form for an absolute memory address. The first 
byte of the instruction which is picked up by the program counter is the 
operation code. This is interpreted by the microprocessor as “Load A - 
Absolute." At the same time that this Load A is being interpreted by the 
microprocessor, the microprocesser accesses the next memory location by 
putting the program counter content, which was incremented as the OP CODE 


4 


was fteiched, on the address bus. 


5.1 CONCEPTS OF PIPELINING AND PROGRAM SEQUENCE 


The overlap of fetching the next memory location while interpreting 
the current data from memory minimizes the operation time of a normal 2- 
ox 3-byte instruction and js referred to as pipelining. It is this feature 
that allows a ?<byte iustruction te only take 2 clock times and a j3~byte 
instvuction to be interpreted in 3 clock cycles. 

in the MCS650X microprocessors, a clock cycle is defined as 1 complete 
operation of each of the 2 phase clocks. Figure 5.2 is a sketch of the 
address and data bus timing as it relates to the systein clocks. 

The wajor point to he noted is that every clock cycle in the MCS650X 
microprocessor is a memory cycle in which memory is either read or written. 
Simultaneously with the read or write of memory, an internal operation of 


the microprocessor is also occurring. 
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The folloving example will let us analyze this effect: 


Example 5.2: Demonstration of "Pipelining" effect 


gs re a IS OS I EAI 


Clock : 
Cycles External Operation Address Data Internal Operation 
L Fetch OP CODE 100 ADC Increment P-counter 
to 1Ol 
2 Fetch first-address 101 ADL Increment P-counter 
half from memory to 102, Interpret 


ADC instruction 


3 Fetch second ad- 102 ADH Increment P-counter 
dress half from to 103; Hold ADL 
memory 

4 Fetch operand from ADH, Data Load Data 
memory ADL 

5 Fetch next OP CODE 103 STA Increment P~counter 
from memory . to 104, Perform ADC 

operation: 
A+M+C 

6 Fetch address from 104 ADL Increment P-counter 

Memory to 195, Result of 


Add > accumulator, 
Interpret STA Instruc~ 
tion 


The above example shows the operation of an ADC, add with carry in- 


struction, using absolute addressing. In the first cycle, the OP CODE is 


fetched from wemory addressed by the P-counter. To iinplement the 


af 


look-ahead or pipeline in cycle two, the fetch of ADL address low is done 
simultaneously with che interpretation of the ADC absolute instruction, 

ay the end of cycle 2, the microprocessor knows that it should access the 
next memory location for the address high as a result of interpretation of 


the absolute addressing mode. 


The address low (ADL) is stored in the ALU while the address high (ADH) 


is being fetched in cycle 3. 
On the fourth cycle, no internal operation is necessary while the 
microprocessor is putting the calculated value onto the address bus. How- 

ever, during this cycle, the operand 1s leaded into the microprocessor. 

The 4 cycles have all been involved with memory access For the ADC, 
absolute instruction. The first to fetch the instruction, the second to 
fetch the address low, the third to fetch the address high and the fourth 
to use the calculated address to fetch the operand. Because that completes 
the merory cperations for this instruction, during the fifth cycle the 
microprocessor starts to fetch the next instruction from memory while it 
is completing the add operation from the first instruction. During the 
sixth cycle, the microprocessor is interpreting the new instruction fetched 
during cycle 5 while transferring the result of the add operation to the 
accumulator. This means that even though it really takes 6 cycles for the 
microprocessor to do the ADC instruction, the programmer only need concern 
himself with the First 4 cycles as the next 2 are overlapped as shown. 

All instructions take at least 2 cycles; one Lo fetch the OP CODE and 
1 to interpret the OP CODE and, with few exceptions, the number of cycles 
that an instruction takes is equal to the number of times that memory must 
be addressed. 

whe details of how each addressing mode is overlapped are described 
in the individual sections and for specific details of ech cycle in vari- 
ous operations, the user is referred to the Hardware Manual, Appendix A. 

All instructions take at least 2 cycles; one to fetch the OP CODE and 
1 to interpret the OP CODE and, with few exceptions, the number of cycles 


that an instruction takes is equal to the number ot times that memory must 


be addressed. 
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5.2 MEALORY UTILIZATION 


As indicated, the l6~bit address ailews the user to access greater 
than 65,000 separate locations. Most of the locations which will be ac~ 
cessed in the course of a control problem will be in program or P-counter 
referenced locations. A typical program will probably range from 1000 to 
8000 bytes and will normally be implemented in fixed ROM or non-volatile 
alterable ROM. 

A second type of memory will be the read-write memory in which the 
user keeps data such as working values, input and output data. Depénding 
on the type of problem being addressed, this RAM usually ranges from 32 
bytes to 8000 bytes, although most applications will be under 2000 bytes 
of RAM, 

it would scem there is significant address space not used in most 
applications. To get the maximum benefit of the addressing space, 2 con- 
cepts are implemented in the MCS650G family. ‘These are the use of data 
addvessing as 1/0 control and distributed address comections for minimum 
control lines. The latter concept utilizes the address bus, which is 
basic to and therefore pervasive in any microcomputer system, aS a Con 
trolling network whenever possible. An exauple of this is the use of the 


address bus in selecting devices te interface with the microprocessor. 


5.2.1 1/0 Control 


The advantages of accessing I/0 as memory are 1) the use of 
distributed address space allows for simple I/Q control lines and 2) 
all of the power of the instructions is applied to I/O operations. 
This has the advantage of minimizing I/O hardware and allows the pro- 
grammer to be innovative in the erplication of 1/0 devices in solving 
his problem. 

All MCS6500 product family 1/0 devices contain 8-bit registers 
which are addressed by the microprocessor as though they vere a mem- 
ory byte. In the simplest case, the $-bit register being read con- 
tains al and 0's pattern which corresponds to the TIL voltage level 


applied to 8 input pins to the I/0 device, 
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5.3 IMPLIED ADDRESSING 


¥ 


[f the register was a ilip-tlop register driving 8 output pins contents o! 


with TTL levels, the storing of 8 bits of data with a STA instruction of this fo: 
into that 1/0 register would, in effect, be programming the flip-flop CODE fetch 
to a specific desired state. Thus, one can use the instructions with on 
the L/O just as any other memory location. pipe. tee 


fines the « 


5.2.2 Memory Allocation Pana ne 
Figure 5.1 displays the relationship between memory, address OP CODE is 
bus and data bus while referencing the address values in hexadecimal In: th 
notation. The previous section has dealt with utilization of memory fetch the 
address space for not only ROM and RAM but for I/G as well. At this | fetched; o 


time, the concept of allocation of the memory field of Figure 5.1 to the correc 


the elements of ROM, RAM and 1/0 will be considered. The allocation A sym 
17 tt eee 
below satisfies most applications requirements and represents an PC means 


optimum allocation for minimizatior of programming code and speed. 


Hexadecimal Address Suggasted Allocation of Memory 
0000 - 3FFF RAM Clock 
Cycte 
4000 - /FFF 1/0 
8000 -- FFFF ROM 1 
It should be noted that the 3 memory blecks address defini- : 
tions which, while not mandatory or required tor proper system opera~ 
tion, do represent a logical assignment of space. The justification 
for this particular allocation will be presented in Section 2 Pe ae : 
In the meantime, the reader should retain the concept of the various 
memory blocks allocated to RAM, I/O and ROM as they are useful in the 
following discussion. With an understanding of pipelining and the pases 


concept of memory allocation, the next subject must be: in what manner ee ee 
LLL uiae 2 


can data be accessed from the memory field? 
TAK, TAY, 
Inst} 
2? cycles : 
Implied addressing is a single~-byte instruction. RTS. 


The byte contains the OP CODE which stipulates an operation internal 


to the microprocessor. Instructions utilizing this type of addressing in- 
clude cperations which clear and set bits in the P (Processor Status) reg- 


ister, incrementing and decrementing internal registers and transferring 
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contents of one internal register to another internal register. Operations 
of this form take 2 clock cycles to execute. The first cycle is the OP 
COD’ fetch and during this fetch, the program counter increments. 

In the second cycle, the incremented P-counter is now the address of 
the next byte of the instruction. However, since the OP CODE totally de- 
fines the operation, the second memory fetch is worthiess and any P-counter 
inecrcwent in the second cycle is suppressed. During the second cycle, the 
OP CODE is decoded with recognition of its single byte operation. 

In the third cycla, the microprocessor repeats the same address to 
fetch the next OP CODE. This is the second time the memory address is 
fetched; once as the second byte of the first instruction and second, as 
the corvect OP CODE address for the next instruction. 

A symbolic representation of a 2-cycle instruction is given below. 


"pc" means “Program Counter." 






fA 
ed, 


1 TL 


Exawuple 5.3: Ttlustration cf implied addres 
LAGI se AfsUSTTACION Gl IMprieG deci 


a —- 





Clock : 
Cycle Address Bus Program Counter Data Bus Comments 
1 PC PG + OP CODE Fetch OP CODE 
2 PO AR PO + 1 New Ignore New 
OP CODE OP CODE; 
Decode Old 
OP CODE 
3 PO.) PG 2 New Fetch New 
OP CODE OP CODE; 
Execute Old 
OP CODE 


Instructions which use implied addressing and require only 2 cycles 
dnciude CLC, CLD, CLI, ‘CLV, DEX,. DEY, INX,. INY,. NOP, SEC, SED, SEL, 
TAX, TAY, TSX, TXA, TXS, TYA. 

Instructions utilizing implied addressing and which require more than 
2 cycles are stack operations which include BRK, PHA, FHP, PLA, PLP, RTI, 


RTS. 
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DF LMEDLATIC ADDRESSING 


Imnediate addressing is a 2~byte instruction. 

The tirst byte contains the OP CONE specitying the eneration and ad- 
dress mode. The second byte contains a constant value knewn to the pro- 
grammer. It is often necessary to compare load and/or test against cer- 
tain known values. Rather than requiring the user to define and load con- 
stants into some auxiliary RAM, the microprocessor allows the user to 


specify values which are known to him by the immediate addressing mode. 


Example 3.4: Tilusctcation of immediate addressin 


Clock 
Cycle Address Bus Program Counter Data Bus Comments 
1 Fo PC + 1 OP CODE Fetch OP CODE 
2 PO: b PC Fr 2 Data Fetch Data, 
Decode OP CODE 
5 ro + 2 PS 3 New Fetch New 
OP CODE OP CODE, 


Execute Old 
OP CODE 


Immediate addressing is the simplest form of constant mwanipulation 
available to the programmer. It requires a minimum execution time in the 
sense that 1 cycle is used in loading the OP CODE and as this CODE is be- 
ing interpreted, the constant is being fetched. 

Instructions utilizing immediate addressing are ADC, AND, CMP, CPX, 


CPY, EOR, LDA, LDX, LDY, ORA, and SBC, 


5.5 ABSOLUTE ADDRESSING 


Absolute addressing is a 3~byte instruction. 

The first byte centains the OP CODE for specifying the operation and 
address mode. The second byte contains the low order byte of the effective 
address (that address which contains the data), while the third byte con~ 
tains the high order byte of the effective address. Thus the programmer 
specifies the full 16-bit address and, since any memory location can be 
specified, this is considered the most normal mode for addressing. Other 


modes may be considered special subsets of this l6~bit addressing mode, 
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Example 5.5: Illustration of absolute addressing 


Glock 
Cycle Address Bus = Program Counter = Data Bus Comments 
L | og PG) 4. OP CODE Fetch OP CODE 
2 PC + J PG + 2 ADL Fetch ADL, 
Decode OP CODE 
3 PG + 2. PC +3 ADH Fetch ADH, 
Hold ADL 
4, ADH, ADL PC Fe .3 Data Fetch Data 
a PC + 3 PC + 4 New Fetch New 
OP CODE OP CODE, 
Execute Old 
OP CODE 


The basic uperation of the microprocessor in an Absolute address mode 
is to read the OP COP in the first cycle while finishing the previous 
operation. In the second Bveie: the microprocessor automatically reads 
the first byte after the OP CODE (in this case the address low) while 
interpreting the operation code. At the end of this cycle, the microproces- 
sor knows that it needs a second byte for program sequence, therefore, lL 
wore byte wili be accessed using the program counter while temporarily 
storing the address low. This occurs during the third cycle. In the 
fourth cycle, the operation is one of taking the address low and address 
high that were read during cycles 2 and 3 to address the operand. For ex- 
ample, in load .A, the effective address is used to fetch from memory the 
data which is going to be loaded in the accumulator. In the case ef stor- 
ing, data is transferred from the accumulator to the addressed memory. 

As was illustrated in the review of pipelining, depending on the in- 
struction, it is possible for the microprocessor to start the next instruc— 
tion fetch cycle after the effective address operation and independent of 
how many more internal cycles it may take to complete the OP CODE. The 
only exception to this is the case of "Jump Absolute" in which the address 
low and address high that are fetched in cycle 2 and cycle 3 are used as 
the 16-bit address for the next OP CODE. The jump absolute therefore only 
requires 3 cycles. In all other cases, absolute addressing takes 4 cycles, 
3 to fetch the full iustruction including the effective address, the fourth 


to perform the memory transfer called for in the instruction. 
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Absolute addressing always takes 3 Lytes of program memory; 1 for the 
GP CODE, 1 for the address low, 1 for the address high, plus 1 byte of data 
memory (such as RAM) that is pointed to by the effective address. 

Instructions which have absolute addressing capability include ADC, 
AND, ASL, BIT, CMP, CPX, CPY, REC, EOR, INC, JMP, JSR, LDA, LDX, LDY, LSR, 
ORA, ROL, SEC, STA, STX, STY. | 


5.6 ZERO PAGE ADDRESSING 


Zero page addressing is a 2-byte instruction. The first byte con- 
tains the OP CODE, while the second byte contains the effective address in 
page zero of memory. 

As seen in absolute addressing, the ability to address anywhere in 
the 65K memory space costs 3 bytes of program space, plus a minimum of 4 
cycles to perform address operations. In order to allow the user a shorten- 
ing of both memory space and execution tia, particularly when dealing with 
working registers and intermediate values, the MCS650X microprocessor family 
has a special addressing mode that assumes automatically the effective ad- 
dress high (ADH) to be in the Jowect page of memory. In order to under- 
stand the page concept one should think of each of the various memory ad- 
dresses as comprising a consecutive block of 256 locations which have an 
independent high order address associated with that block. Each block is 
called a page. Other than for zero page and for calculating indexed ad- 
dresses which will be covered in the following sections, the microprocessor 
pays little attention to the page concept. 

The microprocessor assumes that the high order byte of the effective 
address for instructions which contain OP CODES which indicate the zero 
page addressing option is all O's (ADH = 00, hexadecimal). This allows the 


following sequence to occur, 
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Frample 5.6: Illustration of zero page addressing 


Clock 
Cycle Address Bus Program Counter Data Bus Comments 
1 PC PC + 1 OP CODE Fetch OP CODE 
2 PC +1 PC 42 ADL Fetch ADL, De- 
code OP CODE 
a 0G, ADL PC-+.-2 Data Fetch Data 
4 Po eZ PC 3 New Fetch New 
OP CODE OP CODE, Exe- 
cute Old 
OP CODE 


On the first cycle, the microprocessor puts out the program counter, 
reads the OP COUE and increments the program cou.ter. On the second cycic, 
the microprocessor puts out the program counter, reads the effective ad- 
dress low, interprets the OP CODE and increments the program counter. 50 
far, the operations are identical to those described in the absolute ad- 
dressing mode. However, by the end of the second cycle, the microprocesscr 
has decoded the fact that this is a zero page operation and on the next 
cycle, it outputs address 00, as the effective address kigh, along with 
the address low that it just fetched and then either reads or writes wenm- 
ory at that lecation, depending on the OP CODE. 

The advantage of zero page addressing is that it takes only 2 bytes, 
1 for the OP CODE and 1 for the effective address low; and only 3 cycles, 
1 to fetch the OP CODE, 1 to fetch the address low, and 1 to fetch the 
data, as opposed to absolute addressing which takes 3 bytes and 4 cycles. 

In order to make most effective utilization of this concept, the user 
should organize his memory so that he is keeping his most frequently 
accessed RAM values in the memory locations between 0 and 255. If one 
orgenizes rhe zero page of memory properly, including moving data into 
these locations for longer loops, significant shortening of progrem code 
and execution time can be obtained. | 

The concept of zero page is so important that the various cross 
assemblers have error notations which indicate when improper use of this 
space is made. If one's coding is organized according to the guidelines 
shown in Section 5.2.2, one normally will find working storage Jocated in 
values from 0 to 255. This is an important aspect of the discipline known 


as "memory management." 
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Once the pattern of coding for the MCS650X, which considers working 
Storage or registers in the zero page, beccires a habit, one finds that in 
most control applications, all of the working registers will take advantage 
of this pregranming and the associated time reduction without any special 
effert oa the user's part. 

Instructions which allow zero page addressing include ADC, AND, ASL, 
Bit: GMP, CPx, COPY. DEC, BOR, INC. LUA, LOX, Tt, USK, ORA.. ROL, .SBU, STA, 
oD mere i ae 


3.7 RELATIVE ADDRESSING 


As discussed in Section 4.1, all of the branch cperations in the micro- 
processor use the concept of relative addressing. In example 5.7, it is 
seen that for the case of the straightforward branch in which the branch 
is not taken, on the first program count cycle, the microprocessor puts 
out program counter as an address, fetches the OP CODE and finishes the 
previous operation, During the sacond cycle, the program counter is put 
on the address bus, picking up the relative offset. Jnternally, the micre- 
processor is decoding the OP CODE to determine that it is a branch instruc- 


tion, 


Example 5.7: Illustration of relative addressing branch not taken 





External Internal 
Cycle Address Bus Data Bug Operation Operation 
1 0100 OP CODE Fetch Finish Previous Oser- 


OP CODE ation, Increment Pro- 
gram Counter ta 101 
2 0101 Offset Fetch interpret Iustruc- 


Oftset rion, Increment Pro- 
gram Counter to 102 


3 0102 Next Fetch Next Check Flags, Increment 
OP CODE OP CODE Program Counter to 0103 


This is only the second cycle of an internal operation; therefore, the 
microprocessor may be storing a computed value from the previous instric- 
tion at the same time it is finishing interpreting the present instruction. 
It is while doing the store operation that the flags in the machine get 


physically set; therefore, the microprocessor allows the program counter 
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am counter 


to go 1 more cycle to allow itself tim to determine the value of the 


flags. For example, if the previous instruction is ADC, the flags will 


not get set until the cycle in which the offset valuc is fetched. 


ft 


uring the third cycle, the microprocessor puts the incremented PC 


ento the address bus, fetches the next OP CODE and checks the flag in 


order to decide whether or not the program counter value that is going out 


ig correct and that the branch is not z:oing to be taken. Therefore, an 


additional type of pipeline, in this case fetching the next OP CODE in a 


branch sequence, accomplishes the implementation of a branch relative with 


no branch being taken. This requires 2 cycles. 


One cycle fetches the 


branch OP CODE and 1 cycle fetches the next operation, the relative offset. 


The second fetch is effectively ignored by virtue of the fact that the 


branch is not taken, so the program counter location has already been incre- 
5 i ; 


mented aad the next OP CODE has already been fetched by the microprocessor. 


If in the above example it is assumed that the flag is set such that 


the branch is taken and the relative offset is +59, the microprocessor 


takes a third cycle to perform the branch operation. 


Exauple 5.8: Illustration of relative addressing branch positive 
taken, no crossing of page boundaries 





Cycle Address tus 
1 0100 
2 0101 
3 0102 
4 0152 


In Example 5.8, on the first cycle, 


the previous operation is finished. 


Data Bus 


OP CODE 


+50 


Next 
OP CODE 


Next 
OP CODE 


External 
Operation 


Fetch 
OP CODE 


Fetch 
Offset 


Fetch Next 
OP CODE 


Fetch Next 
OP CODE 


Internal 
Operation 


Finish Previous Oper- 
ation, Increment Pro- 
aram Counter to idl 


Interpret Instruction, 
Increment Program 
Counter to 102 


Check Flags, Add Rela~ 
tive to PCL, Increment 
Program Counter to 103 


Transfer Results to 
PCL, Increment Program 
Counter te 153 


a branch OP CODE is fetched while 


On the second cycle, the offset is 


fetched while the branch instruction is being interpreted. On the third 


cycle, the microprocessor uses the adder to add the program count low to 
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the offset and also checks the flags. S8ecause the program count for the 


next OP CODE in program sequence is already in the program counter and is 


being incremented, the microprocessor can allow the incrementation process 


to continue. If the value for the next instruction is indicated because 
the flag is not set, then the microprocessor loads the next OP CODE and 
the add of the program couuter low to the offset value, is ignored as it 
was in the previous example. 

If during the third cycle the flag is found to be the correct value 
for a branch, the OP CODE that has been fetched during this cycle is 
ignored. The microprocessor then updates the program counter with the 
results from the add operation, puts that value out on the address bus 
which fetches a new OP CODE. | 

This gives che effect of a 3-cycle branch. Thus it can be seen that 


in a case where the branch is net taken, t’'e microprocessor has an effec- 


tive 2-cycle branch, i.e., 2 memory references. In the case when the 

branch is taken, the branch takes 3 cycles as long as the relative value 
does not force an update to the program counter high. In other words, 3 
cycles are required if the page boundary is not crossed (recall the dis- 
cussion of the "page' concept in Section 5.0). Tf in the above example 
the branch was back from address 0102 fifty locations, as opposed ta +50 


locations, the following result would occur: 


Example 5.9: Illustration of relative addressing--branch negative 


taken, crossing of page boundary 


External internal 
Cycle Address Bus Data Bus Operations Operations 
1 OLOO OP CODE Fetch Finish Previous 
OP CODE Instruction 
2 0101 ~50 Fetch Interpret Instruc- 
Offset tion 
3 0102 Next . Fetch Next Check Flags 
OP CODE OP CODE Add Relative to 
PCL 
4 01B2 Discarded Fetch Dis- Store Adder in PCI 
Data carded Data and Subtract j. 
from PCH 
5 OOB2 Next Fetch Next Put Out New PCil 
OP CODE OP CODE and Increment PC 


to OOB3 
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In this example, the adder is used to perform the arithmetic opera~ 
tion, and the adder can do only the 8 bits of addition at a4 time. ‘The 
mittus branch crosses back over the page boundary, therefore an intermediate 
resuit ie develeped of O1B2 which has na intrinsic value because of the 
musrow which now has ta be reflected into the program counter high. Since 
this example displays both a negative offset and the crossing of a page 
boundary, additional explanation is in order. 

The value to which the offset will be added is 0102 (hexadecimal). 

The offset itself is -50 Chexadecimal). 


Subtract low order byte: 
02 ry = 0000 0010 
30 ey = 9101 0060 
Take two's complement of 50: 


BO. # LOtO WII1i 
6: oe eee 
~50 = 101i G000 
Add 02 0000 GO10 
~50 1011 0000 


Carry = /0/ 1011 0010 
B 2 


Up to this point, the PCH has not been affected; therefore the value 


on the address bus is O01B2. 


The Carry = G, indicating a borrow. 


Subtract high order byte: 
0] O000 0001 


“HEX 
00 0005 0000 


HEX 


tt 


i 


Take two's complement of 09: 





OO ey = }111 1ili 
Add Carry = 
~00 ny = ]J11 1111 


Add 01 0900 O001 
~0O 41123 J11lil 


Carry = /1/ 0900 0000 
0 0 


The presence of the Carry indicates no borrow, hence a 
positive result. 
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At this time, after the arithmetic operation on both bytes it. AE 2 Cs 
the address bus will be: OOB2. 

The microprocessor does puf out on the address line the intermediate 
results (01B2), thereby reading a location within the page it was currently 
working in, the value of which is ignored. It then subtracts 1, or if this 
was a branch forward to the next page, the microprocessor would add 1 to 
program counter high in this fourth cycle. In the fifth cycle, the micro- 
processor will recognize that it has the correct new program counter high 
and program counter low and is able to start a new instruction operation, 
thereby giving an effective length to the branch operation when a page 
crossing is encountered of 4 cycles. | 

It should be noted that all of the above operations are automatic; 
once a branch instruction is encountered, the following relative value is 
calculated and put into the memory location after the branch instruction, 

We can see, however, that it is possible to control the execution 
time of «1 branch. This is important for counting or estimating execution 


times of operations. For counting purposes, the following applies: 
If a branch is normally not taken, assume 2 cycles for the branch. 


If the branch is normally taken but it is not across the page boundary, 
assume 3 cycles for the branch. 


If the branch is over a page boundary, then assume 4 cycles for the 

branch. 

In Loops which are repeated many times, one can assume come type of 
statistical factor between 3 and 2, or 4 and 2, depending on the prooa- 
bility of taking the branch versus not taking Tes 

In order to indicate to the programmer when the 4~-cycle vranch is 
taken as opposed to the 3-cycle branch, the various assenblers flag all 
branch operations which cross page boundaries with a warning message and 
if timing is important, the user can perhaps relocate his p.vgram in such 
away that the branch does not cross page boundary. 

It should be re-emphasized that other than for timing purposes, page 
boundary crossings can be ignored by the programmer. 

fo summarize, the relative addressing always takes 2 bytes, 1 for the 


OP CODE and 1 for the offset. 
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The execution time is as follows: 


Branch with Not Taking the Branch 


Branch When the Branch Is Taken But 


Branch When the Branch Js Taken with 


No Page Crossing 


a Page Crossing 


—_— 


2 cycles 


3 cycles 


4 cycles 


Only branch instructions have relative addressing. ‘The branch instruc~ 


tions are: BCC, BEQ, BLT, BMI, BNE, BPL, BSC, BVC, BVS. For a more detailed 


explanation of relative offset calculations the reader is referred Co 


Appendix H. 
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CHAPTER 6 


INDEX REGISTERS AND INDEX ADDRESSING CONCEPTS 


6.0 GENERAL CONCEPT OF INDEXING 


In previous sections techniques for using the program counter to 
address memory locations after the operation code to develop the address 
for 2 particuler operation have been discussed. Other than cases when 
the programmer directly changes the program memory, it can be considered 
that the addressing modes ciscussed up until now are fixed or directed 
addresses and each has the relative merits discussed under each individual 
section. However, a more powerful concept of addressing is that of 
computed addressing. There arc basically two types of computed address- 


ing; indexed addressing and indirect addressing. 
Indexed addressing uses an address which is computed by means of 
modifying the address data accessed by the program counter with an 


internal register called an dndc: register. 


Indirect addressing uses a computed and stored address which is 


accessed by an indirect pcinter in the programming sequence. 


In the MCS650X product family, beth of these modes are used and 


combinations cf them are available. 


Before undertaking the more difficult concepts of indirect address- 


ing the concept of indexed instructions will be developed. 
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In order to move five bytes of memory from an address contained 
in FIELD 1 to another set of addresses, starting with FIELD 2, the 


tollowing program could be written: 


et rw 


LABEL INSTRUCTLON OPERAND COMMENTS 
START LDA FIELD eee Move First Value 
STA FLELD 
LDA FLELD 4 


> Move Second Value 


I 

1 

2 _ Move Third Value 
a 

3 

3 


+ 


STA FLELD 
LDA FLELD 
STA FIELD 


Noo Pb ores NR Nh OR If Fe 
+ 


LDA FIELD ss as ee Move Fourth Value 
STA FIELD + a 

LDA FIELD 1 +4 > Move Fifth Value 
STA FLECLD a 


In this example, data is fetched from the first memory location in 
FIELD 1, as addressed by the next one or two bytes in program memory, 
stored temporarily in A and then written into the first memory Location 
in FIELD 2, also addressed by the next one or two bytes in program memory. 
This sequence is repeated, with on'v the memory addresses changing, until 
all the data has been traasferred. This type of programming is called 
straight line programm.ug because each repetitive operation is a sepa- 
rate group of instructions tisted in sequence or straight line form in 
program memory. This is necessary even though the instruction OP CODES 
are identical for each memory transfer operation because the specific 
memory addresses are different and require a different code to be writ- 


ten into the program memory for each transfer. 


It takes a total of 10 instructions to accomplish the move when it 
is implemented this way. It should be noted that it is not indicated 
whether or not FIELD L.and FIELD 2 are Zero Page addresses or Absolute 


addresses. 


If they were Zero Page addresses, the total number of bytes con- 
sumed in solving the problem would be two bytes for each instruction 
and thereby requiring 20 bytes of memory; if both FIFLD 1 ard FIELD 2 
were Absolute memory locations, each instruction would tuke 3 bytes 


and this program would require 30 bytes of program storage. 
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The Zero Fage program would execute in three cycles per in- 
struction or 30 cycles and the Absolute location version would execute 


in four cycles per instruction or 40 cycles. 


A new concept has been introduced in this example, that of symbolic 


notation rather than actual locations for the instructions. 


The form that this short program is written in uses symbolic 
addressing ia which the address of the beginning of the program has 
a name START. Symbolic representations of addresses such as "START" 
are referred to as labels. The addresses in the two address field 
used in this example have also been given names, the first address of the 
first field is called FIEID 1; the first address of the second field is 
called FIELD 2. Each additional address in the fields has been given 
a number which is referenced to the first number; for example, the 
third byte in FIFID 1 is FIELD 1+ 2. All of these concepts are im- 
plemented to simpliry the ease of writing a program because the user does 
not have to worry about the locations ot FIELD 1 and FIELD 2 until after 
analyzing the memory needs of the whole pregran, Symbolic notation also 


results in a more readable progran. 


Translation from symbolic form instructions and addresses into 
actual numerical OP CODES and addresses is done by a2 program called a 
symbolic assembler. Several ditferent versions of symbolic assemblers 
and cross assemblers are availiable for the MCS650X product family. 
Symbolic notation will be used throughout the remainder of this text 
because of its ease of understanding and because individual byte 
addresses are unnecessary although for an explanation of a particular 


mode, the byte representation may be used. 


In this example, only direct addresses were used. <A program to 


reduce the number of bytes required to move the five values follows: 
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Assumt 
below with 


This will p 











Move FIELON 1 to FLELD 2 





ey ara 
Exanpl. 


_ | Add L to FIELD 1 Address | LASET, 
ie. START 


Add 1 to FIFLD 2 Address 













— GTHER 
Is FIELD 2 Address =End of FLIELD2 
? 
| Yes 
Done 
Flow Chart -- Moving Five Bytes of Data with Loop 
RHiGURe 5.1 
Example 6.2 is a program listing that corresponds to the flow chart: 
In this 
Example 6 2: Moving Five Bytes of Data With 1 Loop load fiustriute 
LABEL INSTRUCTION OPERAND COMMENTS structions t 
INITIALIZE CLC bee | | Lncaeyive 
START LDA FLED 2 | 
OTHER STA FIELD 2 —-—- Move Loop The adc 
LDA START + 1 — eo 
START + a ar 
ADC HL ai 
STA START + 1 this srearatl 
LDA OTHER. “fo L Modify Move Values aon. arses 
ADC #1 aac 
STA OTHER + 1 -——-—- Checkli 
CMP #FIELD 2 + 5~-——- Check for End ee: ply 
BNE START " 


the end of ft 
NOTE: For ease of reading, labels have been written in the form 


“PTELD L'', This is incorrect format For use in the various 
symbolic assemblers. "FIELD i" must be written "FLELDL" 


when coding for assembler formats. 
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to the flow chart: 


COMMENTS 


fové Loop 


fodify Move Values 
she < For End 


an on the form 


{v 


=. the Various 


tten "FIELD" 


Oe te te ae a me te ee 


NI ee A A Meg I I A a ee A lee ae 


A eR le FO A I ie Se HR A SE A 8 NR AT le a a Po! re el EE ee. es 8, 


Assuming Zero Page, direct addressing, Example 6.3 is written 
below with one byte per line just as jit would appear in program memory. 


This will provide a more detailed description of Example 6.2. 


Example 6.3: Coded Detail of Moving Fields With Loop 


LABEL CODE NAMES COMMENTS 
. CLC Clear Carry 

START LDA (FIELD 1) -%A 
FIELD 1 

OTHER STA A~-B (FIELD 2) 
FIELD 2 
LBA From Address =» A 
START + ] 
ADC A + 1 hw A 
1 
STA AS From Address 
START + 1 
LDA To Address—tm A 
OTHER + 1] 
ADC A+ 1—eA 
1 
STA A + To Address 
OTHER + 1 
CMP A - ORIGINAL FIELD 2 + 5 
ORIGINAL FIELD 2 + 5 
BNE If not, loop to START 
START 


In this example, the program is modifying the addresses of one 
load instruction and one store instruction rather than writing ten in- 
structions to move five bytes of data and fifty instructions to move 
twenty-five bytes of data. 

The address of the Load A instruction is located in memory at 
START + ] and the Store instruction at OTHER + 1. In order to perform 
this operation, the address must be. modified once for each move opera- 
tion until ali of the data is moved. 

Checking for the end of the moves is accomplished by checking the 
results of the address modification to determine if the address exceeds 


the end of the second field. When it does, the routine is complete. 
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'—£ a hundred values were to be moved this program would remain 20 9 Alt! 

rary a ea 
bytes long, whereas the solution to the First problem would require less 
a program of 200 instructions. | | tica 


The type of coding used in this example is called a "Loop". 
Although the program loop in this case requires as many bytes as the 
original program, more valucs could be moved without increasing the 
length of the program. The greater the number of repetitive operations 
that are to be accomplished, the greater the advantage of the loop 


type program over straight line programming. 


Important Note: The execution time required to move the five 
values is significantly longer using the loop program than the straight 
line program. In the straight line program, if a Zero Page operation 
is assumed, the time to perform the total move is 30 cycles. Using 
the Loop program, the execution time to move five values is five times 
through the entire loop, which takes 25 cycles. Therefore the time 


to move five values is 125 cycles. 


While loops have an advantage in ceding space efficiency, all loops 
cost time. If the programmer has 4 problem that is extremely time 
dependent, taking the loop out and geing to straizht line programmiug, 
eyen though it is extremely inefficient in terms of its utilization of 


memory, will often solve the timing problem. 


The straight line programming cechnique becomes very useful in some 
control applications. However, it is not recommended as a standard 
technique but should only be used when there are extreme timing problems. 
Using Loops will normally save a significant number of bytes but they In the Mi 


will always take more time. 


The technique used in the leop program example has two major - can he compar: 
(CPR CPI). + 


Figure 6.2, 


problems: 


1. The necessity to modify program memory. This should be 
avoided to take advantage of the ability to put programs 
{nto tead only memory with the corresponding savings in 


hardware costs. 
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é. Although this is the simplist form of computed addressing, 
less program bytes would be necessary than the more sophis- 


rieated form of program shown in the following flow chart: 


| CLEAR COUNTER | 
ee FETCH FLELD | 


12 COUNTER | 


NE eS AN adh TR ers go ner arap 


STORE FIELD 2 + COUNTER ] 














Lien 








Ao re LL RE me eerie — ere eel gl 


VR cE Pee re ~ eer nec Prec ee 0 ee, * 


ADD 1 TO COUNTEN | 


= 


- 


COUNTER= 5 ? 










Not Foul 


EQUAL, 





FINESH 


Moving Fire Bytes of Data with Counter 
FIGURE 6.2 


fn the MCS650X microprocessor family, the counter is called an index 


register. It is an 86-bit register which is loaded from memory and has the 


rility to have one added to it by an increment instruction (INX,INY) and 


3 


can be compared directly to memory using the compare index instruction 
(CEX,CPY). Example 6.4 shows the program listing for the flow chart of 
Figure 6.2. 


n* 
rf 





Example 6.4: Moving Five Bytes of Data With Ind: ex Registers 
BYTES LABEL INSTRUCTION OPERAND COMMENTS 
2 LD fe) Load index With dero 
3 LOOP LDA FIELD 1,X 
3 STA FIELD 2,X 
1 INX Increment Count 
2 CPX 5 Compare For End 
2 BNE LOOP 


| ometnnmnentl 


13 for Absolute 


In this exawple, index register 4 is used as an index and as a 
counter. it is initialized to zero. Data is fetched from memcry at 
the address "FIELD 1 plus the value of register X", and placed in A. 
The data is then written from A to memory at the address "FIELD 2 
plus the value of register X",. Register X is incremented by one aud 
compared with 5 in order to determine if all five data values have 
been transferred. If not the progran loops back to ECOP. In this 
example, “FIELD 1” is called the "Base Address” which is the address 


to which indexing is referenced. 


This only takes 11 or i3 bytes, depending on whethey or not the 
field is in Page Zero or in absolute memory. Tt still takes 13 or 15 
cycles per byte moved, again confirming that loops are excellent for 


coding space but not for execution time. 


It can be seen from the 2xample that there are basically two 
criterias for an index register; one, that it be a register which is 
easily tneremented, compared, loaded, and stored, and two, that in a 
single instruction one can specify both the Base Addcess and the 


value of X. 


In the. MCS650X microprocessor, the way that the indexed in- 
struction is symbolically represented is OP CODF, Address, &. This 
{ndicates to the symbolic assembler that an instruction OP CODS 
should be picked, which should specify either the absolute address 
modified by the content of index X register or Zero Page address 


modified by the content of index X register. 
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In performing these operations, the Microprocessor fetches the 
instruction OP CODE as previously defined, and fetches the address, 
modifies the address from the memory by adding the index register to 


it prior to loading or storing the value of memory, 


The index register is a counter. As discussed previously, one 
of the advantages of the flags in the microprocessor is that a value 
ean be modified and its results teste?. Assume the last example is 
modified so that instead of moving the first value in FIELD 1 to the 
first value in FIELD 2, the last value in FIELD 1 is moved first to the 
jast value in FIELD 2, then the next to the last value, etc. and finally 
the first value. With the index register preloaded with 5 and using 
a decrement instruction the contents of the index register would 
end at zero after the 5 fields of data were transferred. The zero 
indicates that the number of tines through the loop is correct and 
the loop exited by use of the zero test. The program listing for 
this modification 1s shown in Example 6.5: 


Example 6.5: Moving Five Bytes of Data By Decrementing the Index 
LABEL INSTRUCTION OPERAND 
— LDX 2 
LOOP LDA FIELD 1~1,X 
STA FIELD 2-1,X 
DEX 
BNE LOOP 


In this example, Index Register X is again used as an Address 
Counter but it will count backwards. It is initialized to five for 
this example. Data is fetched from memory at the address "FIELD 1 plus 
the value of Register X" and placed in A. The data is then written 
from A to memory at the address "FIELD 2? plus the value of Register X."' 
Register X is decremented by one. If the decremented value is not zero, 
as determined by a Branch on Zero instruction, the program loops back 
to LOOP 


The loop has been decreased to 9 or 11 bytes and the execution 


time per byte has been decreased from 15 cycles to 13 cycles per value 


a7 


which shows the advantage of using the flag setting of the decrement 


index instruction. 


The two index registers, X and Y, can now be added to the 


system block diagram as in Figure 6.3 





DATA BLS 


+ MEMORY 


hee 2 -——~ 


Partial Block Diagram of MCS6S0X lackiding Index Registers 
FIGURE 6.3 


Fach of the index registers is 8 bits long and is loaded and stored 
from memory, using techniques similar to the accumulator. Because of this 
ability, they can be considered as auxiliary channels to flow data 
through the microprocessor. However, their primary use is in being 
added to addresses fetched from memory to form a modified effective 
address, as described previously. Both index registers have the ability 


RoW 


to be compared to memory (CPX,CPY) and to be ineremented (INX,INY) and 


decremented (DEX,DEY). 
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Because of OP CODE limitations, X and Y have slightly different 
uses. xX is a little more flexible because it has Zero Page operations 
which Y does not have with exception of LDX and STX. Aside from which 
medes they modify, the registers are autonomous, independent and of 


equal value. 


6.1 ABSOLUTE INDEXED | 


Absolute indexed address is absolute addressing with an index 
register added to the absolute address. The sequences that occur for 


jidexed absolute addressing without page crossing are as follows: 


Example 6.6: Absolute Indexed; With No Page Crossing 


re re ee re 


Address Data External Internal 
Cycle Bus Bus Operation Operation 
L O109 OP CODF Fetch OP CODE Increment PC to 10], 
Finish Previous 
Instruction 
2 0103 BAL Fetch BAL Increment PC to 102, 
Interpret In- 
struction 
3 0102 BAH Fetch BAH Inergment PC to 103, 
Calculate BAL t X 
é BAH,EALt+X OPERAND rue VUE 
Effective 
Address 
5 103 Next OP Fetch Next Finish Operations 
CODE OP CODE 


BAL and BAH refer to the low and high order bytes of the base address, 
respectively. While the index X was used in Example 6.7, the index Y 


is equally applicable. 


If a page is not crossed, the results of the address low + X does 
not cause a carry. The processor is able to pipeline the addition of the 
8-bit index register to the lower byte of the base address (BAL) and not 
suffer any titse degradation for absolute indexed addressing over straight 
absolute addressing. In other words, whilc BAH is being fetched, the 
add ef X to LAL occurs. Both addressing modes require four cycles with 
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the only difference being that X or Y inust be set at a known value 


and the OP CODE must indicate an index X or Y. 
The second possibility is that when the index register is added 
to the address low of the base address that the resultant address is 


in the next page. This 1s illustrated in Example 6.7. 


Example 6.7: Absolute Indexed; With Page Crossing 


Address Data External Internal 
Cycle Bus... Bus. Operation Operation 
Ll 0100 OP CODE Fetch OP CODE Finish Previous 
Operation Increment 
Pc to LOL 
2 O1OL BAL Fetch BAL Interpret Instruction 


Increment PC to 102 


3 0102 BAK Fetch BAH Add BAL + Index 
Increment PC to 103 


4 BAH, BAL Data Fetch Data Add BAH F Carry 
+X (Tenore) (Data is 
ignored) 
5 BAH+1, Data Fetch Data 
BALA+X 
§ 0103 Next OP Fetch Next Finish Operation 
CODE OP CODE 


The most substantial difference between the page crossing operation 


and no page crossing is that during the fourth cycle, the uddress 


high and the calculated address low is put out, thereby incorrectly 


addressing the same page 4s the base address. This operation is carried 


on in parallel with the adding of the carry to the address high. 


Duting the fourth cycle the address high plus the carry from the adder 


{s put on the address bus, moving the operation to the next page. Thus 


there are two effects from the page crossing. 1. The addressing of 


a false address. This is similar to what happens in a branch celative 


during a page crossing. 2. The operation takes one additional cycle 


while the new address high is calculated. 
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this page crossing occurs independently of programmer action and 
there is no penalty in memory for having crossed the page boundary. 
It is possible for the programmer to predict a page crossing by 
kuowing the value of the base address and the maximum offset value 
in the index register. If timing is of concern, the base address 


can be adjusted so that the address field is always in one page. 


As with absolute addressing, absolute indexed is the most 
general form of indexing. It is possible to do absolute indexed 
modified by X, and absolute indexed modified by Y. Instructions 
which allow sbsolute indexed by X are ADC, AND, ASL, CMP, DEC, 
FOR, INC. LDA, LDY, LSR, ORA, ROL, SBC, and STA. 


The instructions which allow indexed absolute by Y are ADC, 


AND, CMP, EOR, LDS, LDX, ORA, SBC, and STA. 


6.2 ZERO PAGE INDEXED 


As with non-computed addressing, there is a memory use advantage 
to the short-cut of Zero Page addressing. Except in ILDX and STX 
instructions which can be modified by Y, Zero Page is only available 
modified by X. If the base address plus X exceeds the value that 
can be stored in a single byte, no carry is generated, therefore 
there is no page crossing phenomena. A wrap-around will occur within 
Page Zero. The following example illustrates the internal operations 


of Zero Page indexing. 


Bi 


Example 6.8: Illustration of Zero Pave Indexing 


Address Data External. Internal 
Cycle Bus Bus Operation Operation 
i 0100 OP CODE Fetch OP CODE Finish Previous 
Operation, 0101 > PC 
Z 0101 BAL Fetch Base Interpret Instruct- 
Address Low ion, 0102 > PC 
(BAL) 
3 00, BAL Data Fetch Add: BAL + X 
(Dis- Discarded 
carded Data 
4 00, BAL Data Fetch Data 
+X 
is) 0102 Next OP Fetch Next OP Finish Operation 
CODE CODE 


As can be seen from the exainple, there is no time savings of Zero 


Page indexing over absolute indexing without page crossing. In the case 


of the indexed absolute during cycle 3 the address high is being 


fetched at the same time as the addition of the index to address low. 


In the case of the Zero Page, there is no opportunity for this type of 


overlap; therefore, indexed Zero Page instructions take one cycie Longer 


than non-indexed tnstructions. 


In both Zero Page indexed and absolute indexed with a page crossing, 
there are incorrect addresses caléulated, Provisions have been made to 


make certain that only a READ operation occurs during this time. Memory 


modifying operations such as STORE, SHIFT, ROTATE, etc. tiave all been 


delayed until the correct address is available, thereby prohibiting any 


possibility of writing data in an incorrect location and destroying 


the previous data in that location. 


As has been previously stated, there is no carry out of the Zero 


Page operation. 00 is forced into address high under all circumstances 


in cycle 4. For example, {£ the index register containing 4 value 
of 10 is to be added to base address containing a value of F7, the 


following operation would occur: 
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Example 6.9: Demonstrating the Wrap-Around 


en ee 


Cycle Address Bus | Internal Operation 
3 OOF? F/ + 10 
é 0007 


This indicated the wrap-around effect that occurs with Zero Page 
indexing with page crossing. This wrap-around does not increase the 


cycle time over that shown in the previous example. 


Only index X is allowed as a modifier in Zero Page. Instructions 
which have this feature include ADC, AND, ASL, CMP, DEC, FOR, INC, LDA, 
LDY, LSR, ORA, ROL, SBC, STA and STY. Note that index Y is allowed in 


the instrictions LDX and STX. 


6.3 INDIRECT ABURISSING 


In solving a certain class of problems, ic 1s sometimes necessary 
to have an address which is a truly computed value, not just a base 
address with some type of offset, but a value which is calculated or 
sometimes obtained as a group of addresses. In order to implement 
this type of indexing or addressing, the use of indirect addressing 


has been introduced. 


In the MCS650X family indirect operations have a special form. 
The basic form of the indirect addressing is that of an instruction 
consisting of an OP CODE followed by a Zero Page address. The micro-~ 
processor obtains the effective address by picking up from the Zero 
Page address the effective address of the operation. The indirect 
addressing operation is much the same as absolute addressing except 
indirect addressing uses a Zero Page addressing operation to in- 
directly access the effective address. In the case of absolute 
addressing the value in the program counter is used as the address to 
pick up the effective address low, one is added to the program counter 
which is used to pick up the effective address high. In the case 
of indirect addressing, the next value after the OP CODE, as addressed 


with the pregrem counter, is used as a pointer to address the effective 


§3 


address low in the zero page. The pointer is then incremented by 
one with the effective address high fetched from the next memory 
location. ‘The next cycle places the effective address high (ADH) and 
effective address low (ADL) on the address bus to fetch the data. 


An illustration of this is shown in Figure 6.4. 


6101 | IAL 








00, LAL+L ADH 
A DI, , x ee eee 
|. ADH DATA | 


Indirect Addressing--Pictorial Drawing 
FIGURE 6.4 


The address following the instruction is really the address of aa 


address, or "indirect" address. The indirect address is represented 


by IAL in the figure. 


A more detailed definition of indirect addressing its included in 
the appendix. 
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d by Although the MCS650X microprocessor family has indirect operations, 


int it has no simple indirect addressing such as described above. There 
AT) and are two modes of indirect addressing in the MCS650X microprocessor 
ata. family: 1.) indexed indirect and 2.) indirect indexed. 


6.4 INDEXED INDIRECT ADDRESSING 


The major use of indexed indirect is in picking up data from a 
table or Jist of addresses to perform an operation. Examples where 
indexed indirect is applicable is in polling 1/0 devices or performing 
string or multipte string operations. Indexed indirect addressing 
uses the index register X. Instead of performing the indirect as 
shown in the Figure 6.4, the index register X is added to the Zero 
Page address, thereby allowing varying address for the indirect 
pointer. The operation and timing of the indexed indirect addressing 


o is shown in Figure 6.5. 


— | 0100 | oP cor 5 | 
DAYA | | eer ae 
0101 | LAL | 


| | 00, IAL+0 | apy. 1 | : 
| Soe ADH, 
cae | DATA 1 
ADH | apa | 


00, IAL42 ore ADL 2 aoe : oe 
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ADL2 | DATA 2 F 





O0,TAL+X “& 
a ADH apn 2 | 
- 00, LAL+4 z ADL LS 
ADH3, 
ADL} | DATA 3 | 
drt@ss of an ADH [ a3 | ea 
presented 
Indexed Indirect Addressing 
FIGURE 6.5 
nm uded in 
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Example 6,10: Tllustration of Indexed Indirect Addressing 


Address Data External Internal 
Cycle Bus Bus Operation Operation _ 
1 0100— QP CODE Fetch OP CODE Finish Previous 
Operation, O10L > PC 
v4 O101 BAL Fetch BAL Interpret In- 
struction, 0102 + PC 
3 00,BAL DATA (Dis- Fetch Discard- Add BAL + X 
carded) ed DATA 
4 00,BAL ADL Fetch ADL Add 1 to BAL + X 
= oe, 4 
2 00,RAL ADE Fetch ADH Hold ADL 
+xXt+1 
G ADH,ADL DATA Fetch DATA 
? 0102 Next OP Fetch Next OP Finish Operation 


CODE OL03- FC 


One of the advantages of this type of indexing is that a t6-bit 
address can be fetched with only two bytes of memory, the byte that 
contains the OP CODE and the byte that contains the indirect pointer. 
It does require, however, that there be a table of addresses kept in 
a vead/write memory which is more expensive than having it in read 
only memory, Therefore, this approach is normally reserved for appli- 
cations where use of indexed indirect results in significant coding 
or throughput improvement or where the address being fetched is a 


variable computed address. 


It is also obvious from the example that the user pcys a minor time 
penalty for this form of addressing in that aed jiadirect always takes 
six cycles to fetch a single cperand which is 254 more than an absolute 
address and 50% more than a Zero Page reference to an operand, As jn 
the Zero Page indexed, the operation in cycles three and four are 
located in Zero Page and there is no ability to carry over into the rext 
page. It is possible to develop a value of the index plus the base 
address where the result exceeded 255, in this case the address put out 


is a wrap-around to the low part of the Page Zero. 
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Instructions which allow the use of indexed indirect are ADC, AND, 


CMP, EOR, LDA, ORA, SBC, STA. 


6.5 INDIRECT INDEXED ADDRESSING 


The indirect indexed instruction combines a feature 
addressing and a capability of indexing. The usefulness 
struction is primarily for those operations in which one 


yalues could be used as part of a subroutine. By having 


of indirect 
of this in- 
of several 


an indirect 


pointer to the base operation and by using the index register Y in 


the normal counter type form, one can have the advantages of an 


address that poaunts anywhere in memory, combined with the advantages 


of the counter offset capability of the index register. 


Figure 6.6 illustrates the indirect indexed concept in flow form 


while Example 6.11 indicates the internal] operation of a non-page roJl- 


over of an indirect index. 
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Indirect Indexed Addressing 
FIGURE 6.6 
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Example 6.11: 


Cycle 


1 


Address 


Bus 


0100 


O101 


00, EAL 


00,IAL 
4: ‘d 


BAH, BAL 
+ Y¥ 


0102 


Data 


Bus 


OP CODE 


ITAL 


RAL 


BAH 


DATA 


Next OP 
CODE 


Indirect Indexed Addressing {XN 


External 
Operation 
Fetch OP CODE 


Fetch LAL 


Fetch BAL 


Fetch BAH 


Fetch Operand 


Fetch Next OP 
CODE 


o Page Crossing) 


Internal 
Operation 


Finish Previous 
Operation, 0101 > PC 


Interpret In- 
struction, OL02 + PC 


Add BAL + ¥ 


Finish Operation 
O103 > PC 


The Indirect index still requires two bytes of program storage, one 


for the OP CODE, one for the indirect pointer. 


Once beyond the indirect, 


the indexing of the indirect memory location is just the same as though 


{t was an absolute indexed operation in the sense that if there is no 


page crossing, pipelining occurs in the adding of the index register ¥Y to 


address low while fetching address high, and therefore, the non-page 


crossing solution is one cycle shorter than the iadexed indirect. In 


Example 6.12 it is seen that the page crossing problem thst occurs with 


absolute indexed page crossing also occurs with indirect indexed address~ 


ing. 
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Example 6.12: Indirect Indexed Addressing (kith Page Crossing) 


Address Data | External Internal 
Cycle Bus —s-— Buss Operation Operation 
1 0160 OP CODE Load OP CODE Finish Previous 


Operation, O101 + PC 


2 03.01 TAL Fetch IAL Interpret In- 
struction, 0102 + PC 
3 OO,1TAL BAL Fetch BAL Add 1 to IAL 
4 0O,IAL BAH Fetch BAH _ Add BAL to Y 
mn 

5 BAH, BAL. DATA (Dis- Fetch DATA Add 1 to BAH 

LY carded) (Discarded) 
6 RAH + 1 DATA Fetch Data 

BAL + ¥ 
7 0102 Next OP Fetch Next OP Finish This 

CODE CODE Operation, 


0163 ~ PC 


When there is a page crossing, the base address high and base 
address low plus Y are pointing to an incorrect location within a 
referenced page. However, it should be noted that the programmer has 
control of this incorrect reference in the sense that it is always 
pointing to the page of the base address. In one more cycle the correct 
address is referenced. As was true in the case of absolute index, 
the data at the incorrect address is only read. STA and the various 
read, modify, write memory commands all operate assuming that there 
will be a page crossing, take the extra cycle time to perform the add 
and carry and only perform a write on the sixth cycle rather than 
taking advantage of the five cycle short-cut which is available to 
read operations. This added cycle guarantecs that a memory location 


will never be written into with incorrect data. 


Instructions which allow the use of indexed indirect are ADC, AND, 


CMP, EOR, LDA, ORA, SBC, STA. 
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In the following two examples can be seen a comparison between 


the use of absolute modified by Y and indirect indexed addressing. 


In these exampies the same function is performed, Values from . 
two memory locations are added and the result stored in a third 
memory location, assuming that there are several values to be added. 
The first example deals with known field locations. ‘The second 
example, such as might be traditionally used in subroutines, deals 
with field locations tbat vary between routines. A two oyte pointer 
for each coutine using the subroutine is stered in Page Zero. 


The number of values to be added for each routine is aiso stored, 


Example 6.13: Absotute Indexed Add - Sample Program 


a a ee 


instruction Comments 


#Bytes Cycles Label 








2 2 START LDY #COUNT -1 Set Y = End of FIELD 
3 4, LOOP LOA CE LELD: 24% Load Location 1 
3 4 ADC FIELD 2,Y Add Location 2 
3 4, STA FIELD 3,¥ Store in Location 3 
L Z DEY 
2 3 BPL LOOP Check for Less Than Zero 
14 19 Time for 10 Bytes = 1/1 Cycles _ 
Example 6.14: Indirect Indexed Add - Sample Program 
#Bytes Cycles Label fnstruction Comnents 
2 2 START LDY #COUNT -1 Set Y = End of FIELD 
z 5 LOOP LOA (PNT1), Y Load FTELD 1 Value 
2 5 ADC (PNT2), ¥ Add FIELD 2 Value 
2 5 | STA (PNT3), Y Stere FLELD 3 Value 
1 2 DEY 
2 3 BPL LOOP 
il 22 Time for t0 Bytes = 201 Cycles 


+ 6 bytes for pointers 
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The "count" term in these examples represents the number of sets 
of values to tbe added and stored. Loading the index register with 
CGURT-] will allow a fall through the BPL instruction when computation 


on ail set of values has been completed. 


There is a definite saving in program storage using indirect be- 
cause it only requires two bytes for each indirect pointer, the OP CODE 
plus the pointer of the Page Zero location, whereas in the case of the 
absolute, it takes three bytes, the OP CODE, address low and address 


high. 


It is noted that there are six bytes of Page Zero memory used for 
pointers, two bytes for each pointer. The number of memory locations 
allocated to the problem are 17 for the indirect and 14 for the problem 
where the values are known. The execution time is Longer in the in- 
direct loop. Even tliough the increase in time for a single pass 
through the loop is only three cycles, if many values are to be trans- 
ferred, it adds up. It is important te note that loops require time 
for setup but it is only used once. But in the loop itself, additional 
time is multiplied by the number of times the program goes through 
the lcop; therefore, on problems where execution time is important, 


the time reduction effort should be placed on the Joop. 


Even theugh the loop time is longer and the actual memory expended 
is greater for the indexed indirect add, it has the advantage of not 
requiring determination of the locations of FIELD 1, FIELD 2, and FIELD 


3 at the time the program was written as is necessary with absolute. 


An attempt to define problems to take advantage of this shorter 
memory and execution time by defining fields should he investigated 
first. However, in almost every program, the same operation must be 
performed several times. In those cases, it is sometimes more useful 
to define a subroutine and set the values that the subroutine will 
operate on as fields in memory. Pointers to these fields are placed 
in the Zero Page of memory and then the indexed indirect operation 
is used to perform the function. This is the primary use of the 


indexed indirect operation. 


31. 


4 


| 


6.6 INDIRECT ABSOLUTE 


In the case of all of the indirect operations previously described, 
the indirect reference was always to a. Page Zero location from which 
is picked up the effective address low and effective address high. 
There is an exception in the MCS650X microprocessor family for the jump 
instruction in which absolute indirect jumps are atlowed. The use of 
the absolute indirect jump is test explained in the discussion on 


interrupts where the addressing mode and its capabilities are explained. 


6.7 APPLICATION OF INDEXES 


As has been developed in many of the previous examples, an index 
register has primary values as 4 modifier and as a counter. AS a 
modifier to a base address cperation, it allows the accessing of 
contiguous groups of data by simple modification of the index. This 
is the primary application of indexes and it is for this purpose they 
were created. By virtue of the fact that all of the MCS650X instructions 
have the bese address in the instruccton, or in the case of the in- 
direct, in the pointer, 2 single index can usually be used to service 
an entire loop, because each of the many instruetions in the loop 
normally are referring toe the same relative value in each of the Lists. 
An example is adding the third byte of 2a number to its corresponding 
third byte of another number, then storing the result in the memory 
location representing the third byte of the result; therefore, the 
index register only needs to contain chree to accomplish all three of 


these offset functions. 


Some other microprocessors use internal registers as indirect point- 
ers. The single register requirement is a significant advantage of 
the type of indexing done in the MCS650X. Even though the MUSS50x% has 
two indexes, more often than not, a single index will solve many of 
the problems because of the fact that the data is normally organized 


in corresponding fields. 


The second feature of the MCS650X type of indexing is that, t£ used 
properly, the index register also contains the count of the operations 


to be performed. 


92 


reyerse count 
organized suc 
to on each st 
approach is | 
6.13 must be 


correct numobd¢ 


The reve 
examples. T! 
The first va 
next value 1. 
vantage ef ¢ 
combined dec 
two ways to 
nuaber of op 
such as was 
the correct 
to ene v 


the first 6; 


that the br. 


the value o. 


minus one 2a 
the base ad 


to loop now 


yo vseribed, 
‘or_ewhich 


i hign. 


‘explained. 


pc_z they 


instructitons 
tt cain- 


‘Oo Service 


1 2 Jistes., 
‘sponding 
:r ory 
‘e,-the 


three of 


id? ect point= 
it aoe or 


Mo 


[CS6 5 0X ha $s 


ome 


le aie ee od 


a te 


The examples have tried to show how to take advantage of that 
feature. There are two approaches to counting; forward counting and 
reverse counting. In forward counting, the data in memory can be 
organized such that the index register starts at zero and is added 
to on each successive cperation. The disadvantage of this type of 
approach is that the compare index instruction, as used in Example 
6.13 must be inserted into the loop in order to determine that the 


cerrect number of operations is completed. 


The reverse counting approach has been used in the latter 
examples. ‘The data must be organized for reverse counting operation. 
The first value to be operated on is at the end of the FIELD, the 
next value is one memory location in front of that, etc. The ad- 
vantage of this type of operation is that it takes advantage of the 
combined decrement and test capability of the processor. There are 
two ways to use the test. First there is the case where the actual 
number of operations to be performed is loaded into the index register 
such as was done in Example 6.13. In this case, the index contains 
the correct count but if added to the base directly, would be point- 
ing to one value beyond the FIELD because the base address contains 
the first byte. Therefore, when using the actual count in the index 
register, one always references to th. base address minus one. This 
is easily accomplished as shown in the examples. The cross assembler 
accepts symbolic references in the form of base address minus one, 


and the microprocessor very carefully performs the operation shown. 


The advantage of putting the actual count in the register is 
that the branch if not equal instructton (BNE) can be used because 


the value of the register goes to zero on the last operation. 


The second alternative is to load the counter with the count 
minus one as done in Example 6.14. In this case, the actual value of 
the base address is used in the offset. However, the branch back 
to loop now is a branch plus, remembering that the value in the index 


register will not go to minus (all ones) until we decrement past zero. 


Values of count minus one through zero will all take the branch. 
It is only when attempting to reference less than the base address 


that the loop will be completed. 


Either approach gives minimum coding and only requires that 
the user develop a philosophy of always organizing his data with 
the first value at the end. In many cases, the operations such as 
MOVE can be performed even if the data is organized the other way. 
Experienced programmers find that this reverse counting form is 
actually more convenient to use and always results in minimum loop 


time and space. 


Although for most applications, the 8-bit index register allows 
simple count in offset operations, there are a few operations where 
the 256 count that is available in the 8-hit register ts not enough 
to perform the indexed operations. There are two solutions to this 
problem. First, to code the program with two sets cf bases, that 
is duplicating the coding for the loop with two different address 
highs, each one 2 page apart. The second, more useful solution, is 
to go to indirect operations because the indirect pointer can be 
modified to allow an infinite indexed operation. An example of the 


move done under 256 and over 256 is shown in the following example: 








Example: 6.16: Move N Bytes (N<256) 





Number of Program Instruction OP GKAND 
Cycles Ss Label = = Mnemonics FIELD Comments 
2 : LDX #BLOCK Setup 2 Cycles 
4 LOOP LDA FROM—1,X 
4 STA TO -1,X LOOP Time: 
Z DEX 13 eycles 
3 BNE LOOP 


Memory Required: 
li Bytes 
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Example 6.17: Move N Bytes (N>256) 


id: $s 
Number of Program Instruction operand 
: Cycles Label _ = Mnemonics __ FIELD Comments 
2 MOVE LDA #FROMI, 
he 3 STA ERPOINT 
Ltn 2 LDA #FROMH Move from address to 
ath eis > STA FRPOINT + 1 an indirect pointer 
LY. 2 LDA #TOL 
ne Move A to address 
we 3 STA TOPOINT to an index pointer 
fl op Z LDA #TOR 
3 STA TOPOINT + 1 
2 LDX #BLOCKS Setup # of 256 biocks 
2 LDY #0 to move 
; 5 LOOP LDA (FRPOINT) ,¥ Loop Time: 16 cycles/ 
pod OWS 6 STA (TOPOINT) ,Y byte. Move 256 bytes 
15 where 2 DEY ; 
3 BNE LOOP 
er agh 5 SPECIAL INC FRPOINT + 1 Increase high 
to sis 3 INC TOPOINT = ..2 pointer 
2 DEX 
thee 2 BMI OUT Check for last move 
ire 8 3 BNE LOOP 
a 2 LDY #COUNT 
ion, is 3 BNE LOOP Setup last move 
ee OUT --- cs 
o the Memory required: 
- 49 bytes 
xample: 
mr os 


tup 2 Cycles 


OP ime? 
cycles 


95 


CHAPTER 7 


INDEX REGISTER ENSTRUCTIONS 


The index registers can be treated as auxiliary-general purpose reg- 
isters, having the added ability of being incremented and decremented 


becaus 


( 


of the normal operatious in which they are required to perform. 


7.0 LDX LOADINDEX REGISTER X FROM MEMORY 


Load the index register X from memory. 
The symbolic notation is M > X. 
= | LDX does not affect the C er V flags; sets Z if the value 
| loaded was zero, otherwise resets it; sets N if the value loaded in 
bit 7? is a }3 otherwise N is reset, and affects only the X register. 
The addressing modes for LDX are tmimediate; Absolute; Zero Page; 


Absolute Indexed by Y3; and Zero Page Indexed by Y. 


7.1 LDY - LOADINDEX REGISTER Y FROM MEMORY 


Load the index register Y frou memory. 
The symbolic notation is M > ¥. 
LDY does not affect the C or V flags, sets the N flag if the 
_ valuc loaded in bit ? is a1, otherwise resets N, sets Z flag if the 
loaded value is zero otherwise resets Z and only affects the Y reg- 
ister. The addressing modes for load Y are Immediate; Absolute; 


Zero Page; Zero Indexed by X, Absolute Indexed by X. 
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7.2 STX .- STORE INDEX REGISTER X IN MEMORY 


Transfers value of X register to addressed memory location. 

The symbolic notation is X > M. 

No flags or registers in the microprocessor are affected by 
the store operation. The addressing modes for STX are Absolute, 


Zero Page, and Zero Page Indexed by Y. 


7.3 STY -- STORE INDEX REGISTER Y LN MEMORY 


Transfer the value of the Y register to the addressed memory 
location. The symbolic notation is Y > M. STY does not affect any 
flags or registers in the microprocessor. The addressing modes far 


STY are Absolute; Zero Page; and Zero Page Indexed by X. 


7.4 INX - INCREMENT INDEX REGISTER X BY ONE 


Increment X adds 1 to the current value of the X register. This 
is an 8-bit increment which does not affect the carry operation, there- 
fore, if the value of X before the increment was FF, the resulting 
value is 00. The symbolic necation is X + 17> X. INX does not affect 
the carry or overflow flags; it sets the N flag if the result of the 
increment has a one in bit 7, otherwise resets N; sets the @ flag if 
the result of the increment is 0, otherwise it resets the Z flag. 

INX does not affect any other register other than the X register. INX 


is a single byte instruction and the only addressing mode is Implied. 


7.5 INY — INCREMENT INDEX REGISTER Y BY ONE 


Increment Y increments or adds one to the current value in the 


_* register, storing the result in the Y register. As in the case of 


INX the primary application is to step thru a set of values using the 
Y register. The symbolic notation is Y+ 17+ Y. The INY does not 
affect the carry or overflow flags, sets the N flag if the result of 


the increment has a one in bit 7, otherwise resets N, sets Z if 
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as a result of the increment the Y register is zero otherwise resets 
the Z flag. Inerement Y is a single byte instruction and the only 


addressing wmode is Implied. 


7.6 DEX ~ DECREAENT INDEX REGISTER X BY ONE 

Yhis inctruction subtracts one from the current value of the 
index register X and stores the result in the index register X&. 

The symbolic notation is X - 1 > X, 

DEX docs not affect the carry or overflow flag, it sets the 
N flag if it has bit 7 on as a result of the decrement, otherwise 
it resets the N flag; sets the Z flag if X is a 0 as a result of 
the decrement, otherwise it resets the Z@ flag. 

DEX is a single byte instruction, the addressing mode is 


Implied. 


7.7 DEY DECREMENT INDEX REGISTER Y BY ONE 


Thic instruction subtracts one from the current value in the in- 
dex register Y and stores the result into the index register Y. The 
result does not affect or consider carry so that the value in 
the index register Y is decremented to 0 and then through 0 to FP. 

Symbolic netation is Y - i > ¥. 

Decrement Y does not affect the carry or overflow flags; if the 
Y register contains bit 7 on as a result of the decrement the N flag 
is set, otherwise the N flag is reset. 1f the Y register is 0 as a 
result of the decrement, the Z flag is set otherwise the Z flag is 
reset. This instruction only affects the index register Y. 

DEY is a single byte instruction and the addressing mode is 
Implied. 

NOTE: Decrement of the index registers is the most convenient 
method of using the index registers as a counter, in that the decre- 
ment involves setting the value N on as a result of having passed 


through 0 and sets Z on when the results of the decrement are Q. 
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7.8 CPX ~- COMPARE INDEX REGISTER X TO MEMORY 


This instruction subtracts the value of the addressed nemory 
location from the content of index register X using the adder but 
does not store the result; therefore, its only use is to set the 
N, Z and C flags to allow for comparison between the index register 
X and the value in temory. 

The symbolic notation is X - M. 

The CPX instruction does not affect any register in the machine; 
it also does not affect the overflow flag. It causes the carry to be 
set on if the absolute value of the index register X is equal to or 
greater than the data from memory. If the value of the memory is 
greater Chan the content of the index register X, carry is reset. 

If the results of the subtraction contain a bit 7, then the N flag 
is set, if not, it is reset. [If the value in memory is equal to the 
value in index register X, the Z flag is set, otherwise if is reset. 

The addressing modes for CPX are Immediate, Absolute and Zero 


Page. 


79 CPY — COMPARE INDEX REGISTER Y TO MEMORY 


This instruction performs a two's complement subtraction between 
the index register Y and the specified memory location. The results 
of the subtraction are not stored anywhere. ‘The instruction is strict- 
ly used to set the flags. 

The symbolic notation for CPY is Y - M. 

CPY affects no registers in the microprocessor 2nd also does not 
affect the overflow flag. If the value in the index register ¥ is 
equal to or greater than the value in the wemory, the carry flag will 
be set, otherwise it will be cleared. If the results of the subtract- 
tion contain bit 7 on the N bit will be set, otherwise it ati be 
cleared. If the value in the index register Y and the value in the 
memory are equal, the zero flag will be set, otherwise it will be 


cleared. 


The addressing modes for CP% are Immediate, Absolute and Zero Page. 
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ZL0 TRANSFERS BETWEEN THE INDEX REGISTERS AND ACCUMULATOR — 


There are four instructions which allow the accumulator and in- 


dex registers to be interchanged. Yhey are TXA, TAX which transfers 


the contents of the index register X to the accumulator A and back, 
and TYA, TAY which transfers the contents of the index register Y to 
the accumulator A and back. The usefulness of this will be discussed 


after the instructions. 


Zilo TAX -— TRANSFER ACCUMULATOR TQ INDEX X 


This instruction takes the value from accumulator A and trans- 
fers or Joads it into the index reyister X without disturbing the 
content of the accumulator A, 

The symbolic notation for this is A> X. 

TAX only affects the index register X, does not affect the 
carry or overflow flags. The N flag is set if the resultant value in 
the index register K has bit 7 on, otherwise N is reset. The Z bit 
is set if the content of the register X is 0 as a result of the opera- 
tion, otherwise it is reset. TAX is a single byte instruction and 


its addressing mode is Implied. 


7.12 TXA - TRANSPER INDEX X TO ACCUMULATOR 


This instruction moves the value that is in the index register 
X to the accumulator A without disturbing the content of the index 
register X. 

The symbolic notation is X > A. 

TXA does not affect any register other than the accumula- 
tor and does not affect the carry or overflow flag. If the result in 
A has bit 7 on, then the N flag is set, otherwise it is reset. If the 
resultant value in the accunulator is 0, then the Z flag is set, other~ 
wise it is reset. 


The addressing mode is Implied, it is a single byte instruction. 
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7.13 TAY —- TRANSFER ACCUMULATOR TO INDEX Y 


This instruction moves the value of the accumulator into index 


register Y without affecting the accumulator. 


The symbolic notation is A > ¥. 


TAY instruction only affects the Y register and does not affect 
either the carry or overflow flags. If the index register Y has bit 7 on, 
then N is set, otherwise it is reset. If the content of the index register 
Y equals 0 as a result of the operation, Z is set on, otherwise it is reset’ 


TAY is a single byte instruction and the addressing mode is Implied, 


714 TYA-- TRANSFER INDEX Y TO ACCUMULATOR 


This instruction moves the value that is in the index register Y 


to accumulator A without disturbing the content of the register f. 


The symbolic notation is Y > A. 


TYA does not affect any other register other than the 


tor and does not affect the carry or overflow flag. If the result 


the accumulator A has bit 7 on, the N flag is set, otherwise it is 


accumula- 


in 


reset. If the resultant value in the accumulator A is 0, then the 2 


flag is set, otherwise it is reset. 


The addressing mode is Implied and tit is a single byte instruc- 


tion. 


Some of the applications of the transfer instructions between 


accumulator A and index registers X, Y are those whea the user wishes 


to use the index register to access memory locations where there are 


multiple byte values between the addresses. In this application a 


count is loaded into the index register, the index cegister is trans~ 


ferred to the accumulator, a value such as 9, 7, LO, atc. 


immediate to the accumulator and results stored back into the index 


101 


is added 


register 
type of 

non-cons 
the inte 
intermed 
te and +t 


problems 


At i aes 2) 


pi 
For date 
an addre 
specif i¢ 
vVartiabl¢ 
and «oul 
Or colap. 
applica 
Farmats 
pecause 
and sto 
can be 
Or Lor 

+ 
when th 
This ty 
perforn 
There fc 


in the 


Ler 


[nny 3 


at 
of the index register 
of zrwise it is reset 


sing mode is Implied, 


into index 


s not affect 


Y has bit 7 on, 


in <x register Y 


repister Y. 


Ih J~ 


a2 accumula- 


f the result in 


er 


0, 


€ —— 


of a 
the 


Se Te ais 


then the Z 


ite instruc= 


ns between 


user wishes 


1ere there are 


2p. 


cation a 


ister is trans- 


igs es 


ltr 


is added 


the index 


register using the TAX or TAY instruction. The consequence of this 
type of oneration is that it allows the microprocessor to address 
now-cousecutive locations in memory. Another application is where 
the internal transfer instructions allow the index registers to hold 
intermediate values for the accumulator which allows rapid transfer 
to and from the accumulator to help solve high speed data shuffling 


problems. 


74S SUMMARY OF (NURX REGISTER APPLICATIONS AND MANIPULA TIONS 


Primary use -f index register X and Y is as offset and counters 
for data manipulation tn which the index register is used to compute: 
an address based on the value of the index register plus base address 
specified by the user, either in a fixed instruction format or in a 
Varlabic pointer type format. In order to operate as both an offset 
and counter, index registers may be incremented or decremented by one 
or compared to values from memory. There are limitations on the 
applications of each of the inden registers which have to do with 
formats which are unique to certain instruction addressing modes. 
Because of the ability of the irdex registers to be Joaded, changed 
and stored, they are also useful as general purpose registers. They 
can be used as interim storages for moves between memory locations 
or fol moves between memors and the accumulator. 

One of the optimum uses of the indexing concept is the case 
when the index register is being used both as an offset and a counter. 
This type of operation uses the ability of the microprocessor to 
perform a decrement function on the index registers and set flags. 
Therefore, a single decrement instruction not only changes the value 


in the counter but can also perform a test on the count value. 
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CHAPTER 6 


STACK PROCESSING 


8.0 INTRODUCTION TO STACK AND TO PUSH DOWN STACK CONCH VT 


In all of the discussions on addressing, it has been assumed that 
either the exact location or at least a relation to an exact jJocation of a 
memory address was known. 

Although this is true in most of the programming for control applica~ 
tions, there are certain types of programming and applications which re- 
quire that the basic program not be working with known memory locations but 
only with a knowa order for accessing memory. This type of programming is 
called re~centrant coding and is often used in servicing interrupts. 

fo implement this type of addressing, the microprocessor maintains a 
separate address generator which is used by the program to access mefory. 
This address generator uses a push down stack concept. 

Diecussions of push down stacks are usually best stated considering 
that if one were given 3 cards, an ace, a king and a ten and were told that 
the order of cards was important und asked to lay them down on the table in 
the order in which they were given, ace first, the king on top of it and 
finally the ten, and then if they were retrieved, 1 card at a time, the ten 
is retrieved first even though it was put on last, the king is retrieved 
second, the ace retrieved last, even though it was put on first. 

The only commands needed to implement this operation are "put next 
card on stack" and “pull next card from the stack." The stack could be 
processing clubs and then go to diamonds and back to clubs. However, we 


know that while we are processing clubs, we will always find ten first, 


king second, etc. 
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The hardware implementation of the ordered card stack which just Followia 
described is a 16-bit counter, into which the address of a memory location stack operati 


is stored. This counter is called a "Stack Pointer." Every time data is ; 


to be pushed onto the stack, the stack pointer is put out on the address 


bus, data is written into the memory addressed by the stack pointer, and 
the stack pointer is decremented by 1 as may be seen in Example 8.1. 

Every time data is pulled from the stack, the stack pointer is incremented 
by 1. The stack pointer is put out on the address bus, and data is read 
from the memory location addressed by the stack pointer. This implementa- 
tion using the stack pointer gives the effect of a push down stack which 


is program independent addressing. 


- mee ee ee 


Example 8.1: Basic stack map for 3-deep JMP to subroutine sequence 


Stack Address Data 
OLFF PCH 1 
OLFE PCL 1 
O1FD PCH 2 
OLFC PCL 2 
OLEB PCH 3 
OLPFA PCL 3 
O1F9 


In the above example, the stack pointer starts our at O1LFF. The stack 
pointer is used to store the first state of the srogram counter by storing 
the content of program counter high at OLFF end the centent of program 
counter low at OIFE. The stack pointer would nov be pointed ac O1FD. The 
second time the store program count is gerferwed, the program counter high 
number is stored on the :.tack at OLFD and the program counter low is stored 
at OlFC. The stack pointer would now be pointing at OLF8. Tne same pro- 
cedure is used to store the third program counter. 

When data is taken from the stack, the PCL 3 will come first and the 
PCH 3 will come second just by addiag 1 to the stack pointer before each 
memory read. The example above contains the program count tor 3 successive 
jump and store operations where the juinp transfers control to a subroutine 
and stores the value of the program counter onto the stack in order to re~- 


member to which address the program should return after completion of the 


subroutine. 
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Following is an example of a program that would create the Example 8.1 


stack operation. 


Example 6.2: Basic stack operation 


Program 
Counter Label 
PCL 
SUBL 
PC2 
SUB? 
PC3 
SUB3 


instruction 


ere 





te aan een teea 


Jump to Subroutine 1 i 


_— 


i et rere ee rte ere ee 


Ce Oe 


Jump to Subroutine 2 
ee 


On re ee ee 


Jump to Subroutine 3 - 
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This is known as subroutine nesting and is often encountered in solv- 
ing complex control equations. 
To correctly use the stack for this type of operation requires a jump 


to subroutine and a return from subroutine instruction. 


8.1 JSR ~ JUMP TO SUBROUTINE 


This instruction transfers control of the program counter to a sub= 
routine location but leaves a return pointer on the stack to allow the 
user to return to perform the next instruction in the main prograa after 
the subroutine is complete. To accomplish this, J5R instruction stores the 
program counter address which points to the last byte of the jump instruc- 
tion onto the stack using the stack pointer. The stack byte contains the 
program count high first, followed by program count low. The JSR then 
transfers the addresses following the jump instruction to the program 
counter low and the program counter high, thereby directing the program 
to begin at that new address. 

The symbolic notation for this is PC + 2+, (PC + 1) > PCL, 

(PC + 2) > PCH. 

The JSR instruction affects no flags, causes the stack peinter to be 
decremented by 2 and substitutes new values Into the program counter low 
and the program counter high. The addressing mode for the JSR is always 
Absolute. 

Example 8.3 gives the details of a JSR instruction. 

Example 8.3: Illustration of JSR instruction 


Program Memory 


PC Data 

0100 JSR 

0101 ADL 

0102 ADH Subroutine 
Stack Memory. 

Stack 

Pointer Stack 

OLFD 

OLFE 02 

OLFF 01 
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External Internal 
Cycle Address Bus Data Bus Operations Operations 
J 01.06 OP CODE Fetch Finish Previous 
Instruction Operation; Incre- 
ment PC to O101 
2 O1OL New ADL Fetch Decode JSR; 
New ADL Increment PC to 0102 
3 OLFF Store ADL 
4 OLFF PCH Stcre PCH Hold ADL, Decre- 
ment S to O1FE 
5 O1FE PCL Store PCL Hold ADL, Decre- 
ment S to O1FD 
6 0102 ADH Fetch ADH Store Stack Pointer 
7 ADH, ADI New Fetch New ADL > PCI, 
OP CODE OP CODE ADH > PCH 


* S denotes "Stack Pointer." 


In this example, it can be seen that during the first cycle the micro- 
processor fetches the JSR instruction. During the second cycle, address 
low for new program counter low is fetched. At the end of cycle 2, the 
microprocessor has decoded the JSR instruction and helds the address law 


in the microprocessor until the stack operations are complete. 


NOTE: The stack is always stored in Page 1 (Hex address O100-O1FF). 


The operation of the stack in the MCS650X microprocessor is such that 
the stack pointer is always left tointing at the next memory location into 
which data can be stored. In Example 8.3, the stack pointer is assumed to 
be at OLIF in the beginning and PC at location 0100. During the third 
cycle, the microprocessor puts the stack pointer onto the address lines and 
on the fourth writes the contents of the current value of the program counter 
high, 01, into the memory location indicated by the stack pointer address. 
During the time that the write is being accomplished, the stack pointer is 
being automatically decremented by 1 to O1FE. During the fifth cycle the 
PCL is stored in the next memory location with the stack pointer being auto- 
matically decremented. 

It should be noted that the program counter low, which is now stored 
in the stack, is pointing at the last address in the JSR sequence. This 
{ts not what would be expected as a result of a JSK instruction. It would 
be expected that the stack points at the next instruction. This apparent 


anomaly in the machine is corrected during the Keturn from Subroutine in-~ 


struction. baz 


2 
t 


“ote: At the end of the JS& instruction, the values on the stack con- 


tain the program counter low and the program counter high which referenced 
the last address of the JSR iastruction. Any subroutine calls which want 
to use the program counter as an intermediate pointer must consider this 
fact. It should be noted also that the Return from Subroutine instruction 
performs an automatic increment at the end of the RIS which means that any 
program counters which are substituted on the stack must be 1 byte or lL 
pointer count less than the program count to which the pregrammer expects 
the RTS to return. 

The advantage of delaying the accessing of the address high until 
after the current program counter can be written in the stack is that only 
the address low has to be stored in the microprocessor. This has the 
effect of shortening the JSR instruction by 1 byte and also minimizing in- 
ternal storage requirements. 


After both program counter low and high have been transferred to the 


stack, the program counter is used to access the next byte which is the ad- 


dress high for the JSR. During this operation, the sixth cycle, internally 


the microprocessor is storing the srack pointer which is now pointing at 
O1LFD or the next location at which memory can be loaded. 


During the seventh cycle the address high from the data bus and the 


address low stored in the microprocessor are transferred to the new program 


counter and are used to access the next OP CODE, thus making JSR a 6+cycle 
instruction. 

At the completion of the subroutine the prograinmer wants to return to 
the instruction following the Jump to-Subroutine instruction. This is 


accomplished by transferring the last 2 stack bytes to the program ceunter 


which allows the microprocessor to resume operations at the instruction fol- 


lowing the JSR, and it is done by means of the RTS instruction. 


8.2 RTS — RETURN FROM SUBROUTINE 


This instruction loads the program count low and program count high 


from the stack into the program commter and_iacrements the program counter 
a re 


so that it points to the instr on following the JSR. The stack pointer 


is adjusted by incrementing it twice. 


Tne symbolic notation for the RTS is PCt, INC PC. 
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RTS instruction does not affect any flags and affects only PCL 


RIS is a single-byte instruction and its addressing mode is In- 


The following Example 8.4 gives the details of the RTS instruction. 


tt is the complete reverse of the JSR shown in Example 8.3. 


Lxample 8.4: 


Cycle 
iq 


As we 


to the stack in the JSR instruction. 


a me a a a a A 
— ae 


Program Memory 


PC Data 
0300 RTS 
0301 ? 


Stack Memory 


Stack Pointer Stack 
O1¥FD ? 
OLFE G2 
OFF Ol. 


Return from Subroutine (Example) 


External Internal 
Address Bus Data Bus Operations Operations 
0300 OP CODE Fetch Finish Previous 
; OP CODE Operation, O03C1 + PC 
0301 Discarded Fetch Dis- Decode RTS 
Data carded Data 
O1FD Discarded Fetch Dis- Increment Stack 
Data carded Data Pointer to O1FE 
O1FE 02 Fetch PCL | Increment Stack 
Pointer to OLFF 
O1LFT O1 Fetch PCH 
0102 Discarded Put Out PC Increment PC by 1 
Data to 0103 
0203 Next Fetch Next 
OP CODE OP CODE 


can see, the RTS instruction effectively unwinds what was done 


Because RTS is a single-byte 
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instruction it. wastes the second memory access in doing a look~ahead oper- 
ation. During the second cycle the value located at the next program ad~ 

dress after the RTS is read but not used in this operation. It should be 

noted that the stack is always left pointing at che next empty location, 

which means that to pull off the stack, the microprocessor has to wait l 

cycle while it adds 1 to the stack address. This is done to shorten the 
interrupt sequence which will be discussed below; therefore, cycle 3 is a 

dead cycle in which the microprocessor fetches but does not use the current 
value of the stack and, like the fetch of address low on Indexed and Zero 

Page Indexed operations, does nothing other than initialize the micro- 
processor to the proper state. Ji can be seen that the stack pointer de- | 
crements as data is pushed on to the stack and increments as data is 

pulled from the stack. In the fourth cycle of the RTS, the microprocessor 

puts out the O1FE address, reads the data stored there which is the pro- 

gram count low which was written in the s2cond write cycle of the JSR. 


During the fifth cycle, the microprocessor puts out the incremented stack 


fos meee 


picking up the program count high which was written in the first write cycle : 
of the JSR. : 
As is indicated during the discusstons of JSR, the program counter 
stored on the stack really points to the last address of the JSR instruc~ 
tion itself; therefore, during the sixth cycle the RTS causes the program 
count from the stack to be incremented. That is the only purpose of the 
sixth cycle. Finally, in the seventh cycle, the incremented program counter 
is used to fetch the next instruction; therefore, RTS takes 6 cycles. 
Because every subroutine requires 1 JSR followed by L RTS, the time 
to jump to and return from a subroutine is 12 cycles. 
In the previous 2 examples, we have shown Che operations of the JSR 
located in location 100 and the RTS located in location 360. The follow- 
ing pictorial diagram, Example 8.5, illustrates how the memory map for : 


this operation might look: 
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With this capability of subroutining, the microprocessor allows the 


programmer to go rrom the main program ta 1 subreutine, to the second sub- 


rouline, to a third subroutine, then finally working its way back to the 


main program. 
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Exaiiple &€.6 is an expansion of Example 8.2 with the returns 


Expansion of RYS memory map 


Stack Located at 
OLFF, O1FE 
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This coneept is known as nesting of subroutines, and the mucber of 
subroutines which can be called and returned from in such a manner is 


Limited by only the length of the stack. 


8.3 IMPLEMENTATION OF STACK IN MCS6501 THROUGH MCS6505 


As we have seen, the primary requirement for the stack is that irre- 
spective of where or when a stack operation is called, the microprocessor 
must have an independent counter of register which contains the current 
memory location value of the stack address. This register is catled the 
Stack Pointer, $. The stack becomes an auxiliary field in memory which 
is basically independent of programmer control. We will discuss later now 
the stack pointer becomes initialized, but once it is initialized, the pri- 
mary requirement is that it be self-adjusted; in other words, operations 
which put data on the stack cause the pointer to be decremented automati- 
cally; operations which take data off from the stack cause the pointer to 
be incremented automatically. Only under rare circumstances snould the 
programmer find it necessary to move his stack from one location to another 
if he is using the stack as designed. 

On this basis, there is no need for a stack to be longer than 256 bytes. 
fo perform a single subroutine call takes only 2 bytes of stack memory. 

To perform an interrupt takes only 3 bytes of stack mencry. Therefore, 
with 256 bytes, one can access 128 subroutines deep or interrupt ourselves 
85 times. Therefore the length of the stack Is extremely uniikely to be 
Limiting. The MCS6501 through MCS6505 have a 256-byte stack length, 

Figure 8.i, which is now the complete block diagram, shows all of the 
microprocessor registers. The S8-bit stack pointer register, 5, has veen 
added. It is initializea by the programmer and thereafter automatically 
increments or decrements, depending on whether data is being put on to the 


stack or taken off the stack by the microprocessor under control of the 


- 


program or the interrupt lines. 
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Partial Block Diagram of MCS6S50X Including Stack Pointer, S 
FIGURE § 1 


The primary purpose of the stack is to furnish a block of memory loca- 
tions in which the microprocessor can write data such as the program coun- 
ter for use in later processing. In many control systems the requirements 
for Read/Write memory are very smal]. and the stack just represents another 
demand on Read/Write memory. Therefore these applications would like the 
stack to be in the Page Zero location in order that memory allocation for 
the stack, the Zero Pape operations, and the indirect addresses can be 
performed. Therefore, one of the requirements of a stack is that it be 
easily Jocatable into Page Zero. 

On the other hand, if more than 1 page of RAM is needed because of the 
amount of data that must be anda by the user programs, having the stack 
in Page Zere is an unnecessary waste of Page Zero memory in the sense that 
the stack can take no real advantage of being located in Zero Page, whereas 


other operations can. 
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In each of the examples, the stack has becn located at high order 
address O1 followed by a low order address. In the same manner as the 
microprocessor forces lucations 00 on to the high order 8 bits of the 
address Lines for Zero Page operations, the microprocessor automatically 
puts Ol Hex on to the high order 8-vit address lines during each stack 
operation. This has the advantage to the user of locating the stack into 
Page One of memory which would be the next memory lecation added if the 
Zero Page operation requirements exceed Page Zero memory capacity. This 
has the advantage of the stack not requiring memory to be added specifi- 
cally for the stack but only requiring the allocation of existing memory 
lac-.tions. It should be noted that the selected addressing concepts of 
the MCS650X microprocessor support devices would involve connecting the 
memories such that bit 8, which is the selection bit for the Page One 
versus Page Zero, is a "don't care" for operations in which the user does 
not need more than 1 page of Read/Write memory. This gives the user the 
effect of locating stack in Page Zero for those applications. 

The second feature that should be noted from the examples is that 
the stack was located at the end of Page One and decremented from that 
point towards the beginning of the page. This is the natural operation of 
the stack. RAM memory comes in discrete increments, 64, 128, 256 bytes so 
the norinal method of allocating stack addressing is for the user to calcu- 
late the number of bytes probably needed for stack access. This could be 
done by analyzing the number of subroutines which might be called and the 
amount of data which might be put onto the stack in order to communicate 
between subroutines or the number of interrupts plus subrautines which 
might oceur with the respective data that would be storad on the stack for 
each of them. By counting 3 bytes for each interrupt, 2 bytes for each 
jump to subroutine, plus 1 byte for each programmer-controlled stack opera- 
tion, the microprocessor designer can estimate the amount of memory which 
mist be allocated for the stack. This is part of his decision-making pro- 
cess in deciding how much memory is necessary for his whole program. 

Once the allocation has been made, it is recommended that the user 
assign his working storage from the beginning of memory forward and always 
load his stack at the end of either Page Zero, Page One, or at the end of 


his physical memory which is located in one of those locations. This will 
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give the effect of having the highest bytes of memory allocated to the 
stack, lower bytes of memory allocated to user working storage and hope~ 
fully the two shall never overlap. 

Tt should te noted that the natural operation of the stack, which often 
is caljed by hardware not totally under program control, is such that it 
will continue to decrement throughout the page to which it is allocated irre- 
spective of the user's desire to have it do so. A normal mistake in allo- 
cation in memory can result in the user writing data into a memory location 
and later accessing it with another subroutine or another part of his pro- 
gram, only to find that the stack has very carefully written over that area 
as the result of its performing hardware control operations. This is one 
of the more difficult problems to diagnose. If this problem is suspected 
by the progrsmmer, he should analyze memory locations higher than unex- 
plained disturbed locations. 

There is a distinctive pattern for stack operations which are unique 
to the user's program but which are quite predictable. An analysis of the 
value which has been destroyed will often indicate that it is part of an 
address which would normally be expected during the execution of the pro- 
gram between the time data was stored and the time it was fetched. This is 
a very strong indication of the fact that the stack somehow or other did get 
into the user's program area. This is uainost always caused by improper con~ 
trol of interrupt lines or unexpected operations of interrupt or subroutine 
calls and has only 2 solutions: (1) If the operation is normal and predict- 
able, the user must assign more memory to his program and particularly re- 
assign his memory such that the stack has more room to operate; or (2) if 
the operation of the interrupt lines is not predictable, attention must be 
given to solving the hardware problem that causes this type of unpredictable 


operation. 


8.3.1 Summary of Stack Implenentation 


The MCS6501 through MCS6565 microprocessors have a single 8-bit 
stack register. This register ts automatically incremented and decre- 
mented under control of the microprocessor to perform stack manipula- 
tion operations, under direction of the user program or the interrupt 


lines. Once the programmer has initialized the stack pointer to the 
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end of whatever memory he wants the stack to operate in, the progran- 
mer can ignore stack addressing other than in those cases where there 
is an interference between stack operations and his normal proyram 
working space. 

In the MCS6501 through MCS6505, the stack is automatically 
located in Page One. The microprocessor always puts out the address 
0190 plus stack register for every stack operation. By selected mem- 
ory techniques, the user can either locate the stack in Page Zero or 
Page One, depending on whether or not Page One exists for his hard~ 


ware, 


8.4 USE OF THE STACK BY THE PROGRAMMER 


Discussed in Section 8.1 was the use of the JSR to call a subroutine. 
However, not indicated was the technique by which the subroutine knew 
which data to operate on. There are 3 classical techniques for communi- 
cating data between subroutines. The first and most straightforward tech- 
nique is that each subroutine has a vefined set of working registers located 


in the Page Zero in which the user has left values to be operated on by the 


4 


subroutine. The registers can either contain the values directly or cau 
contain indirect pointers to addresses to values which would be operated 


on. The following example shows the combination of these: 


Example 8.7: Call-a-move subroutine using preassigned memory locations 


a eer ee 


Count 


I! 


Location LO 


Location 11, 12 Rase frou Address 


Location ].3, 14 = Base to Address 
Main Line Routine 

No. of 
Bytes instruction Comment 
LDA #Count ~L Load Fixed Value for the Move 
STA 10 
LDA #FRADH 
STA 12 
LDA #FRALL 
STA 11 
LDA #'TOADL 
STA 13 
LDA #TOADH 
STA 14 
JSR SUBL 


Set up "FROM" Pointer 


Set up "TO" Pointer 


Dlokesewdens Gass eos 
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Subroutine Coding 


__ ee es ee oe 


No. of 

Bytes Label Instruction 
2 SUBL LDY 10 
Z LOOP LDA. (10 % 
2 STA. (13). °¥ 
} DEY 
2 BNE LOOP 
} RTS 


total 33 bytes 


As has been previously developed, the loop time is the overriding con- 
sideration rather than setup time for a large number of executions. 

It can be seen that we have used the techniques developed in previous 
sections of the indirect referencing, the jump to subroutine and the return 
from subroutine to perform this type of subroutine value communication. 

In this operation, there was no use of the stack except for the program 
counter value. | 

A second form of communication is the use of the stack itself as an 
intermediate storage for data which is going to be communicated to the 
subroutine. In order for the programmer to use the stack as an intermediate 
storage, he needs instructions which allow him to put data on the stack and 
to read from the stack. 


These instrucctons are known as push and pull in- 
P 


structions. 


8.5 PHA — PUSIT ACCUMULATOR ON STACK 


This instruction transfers the current value of the accumulator to 
the next location on the stack, automatically decrementing the stack to 
point to the next empty location. 

fhe symbolic notation for this operation is At. Noted should be that 
the notation + means push to the stack, + means pull from the stack. 

The Push A instruction only affects the stack pointer register which 
is decremented by 1 as a result of the operation. It affects no flags. 
PHA is a single-byte instruction and its addressing mode is Implied. 
The following example shows the operations which occur during Push A 


instruction. 
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Example 8.3: Operation of PHA, assuming stack at OLPF cgample 8. 


External internal 
Cycles Address Bus Data Bus Operations Operations ities 
eo ee aera Se tegtr as ee hE ae 
1 0100 OP CODE Fetch | Finish Previous , 
Instruction Operation, Incre- " 
ment PC to OLOL 
2 0101 Next Fetch Next interpret PHA In- 7 
OP CODE OP CODE struction, Hold : 
and Discard P-Counter 
3 OLFF (A) Write A on Decrement Stack | 3 
Stack Pointer to OLFE 
4 0101 Next Fetch Next | 4 
= OP COD OP CODE 
5 


As can be seen, the PHA takes 3 cycles and takes advantage of the 


fact that the stack pointer is pointing to the correct location to write When taki 


the value of A. As a result of this operation, the stack pointer will be -'38. Ene Curre 
.7i the stack 


setting at OLFE. The notation (A) implies contents of A. Now that the 


data ts on the stack, later on in the program the programmer will call for. i s12f was previ 


the data to be retrieved from the etack with a PLA instruction. wg at this Ic 


se used by 


8.6 PLA —~ PULL ACCUMULATOR FROM STACK 
OSE OF POSH 


This instruction adds 1 to the current value of the stack pointer and OPERATIONS 


uses it to address the stack and leads the contents of the stack into the in Examp. 


A register. ‘iy here, in: 
fhe symbolic notation for this is At. . >. Pg 
The PLA instruction does not affect the carry or overflow tlags. It rs ae 
sets N if the bit 7 is on in accumulator A as a result of instructions, ee 
otherwise it is reset. If accumulator A is zero as a result of the PLA, 
then the Z flag is set, otherwise it is reset. The PLA instruction changes 
= eontent of the accumulator A to the contents of the memory Location at 
stack register plus 1 and also increments the stack register. 
The PLA instruction is a single-byte instruction and the addressing 
mode is Implied. 
In the following example, the data stored on the stack in Example 8.8 


— is transterred to the accumulator. 
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Example 8.9: Operation of PLA stack from Example 8.8 


External Internal 
Cycles Address Bus Data Bus Operations Operations 
1 0209 PLA Fetch Finish Previous Opera~ 
Instruction tion, Increment PC to 
104 
2 0261 Next Fetch Next Interpret Instruction, 
OP CODE OP CODE and Hold P-Counter 
Discard 
3 OLFE Read Stack Increment Stack Pointer 
to OLFF 
4 OFF | (A) Fetch A Save Stack 
5 0201 Next Fetch Nert Mo A 
OP CODpE GPF ODE 


When taking data off the stack, there is 1 extra cycle during which 
time the current contents of the stack register are accessed but not used 
and the steck pointer is incremented by 1 to allow access to the value 
that was previously stored on the stack. The stack pointer is left point- 
ing at this location because it is now considered to be an empty location 


to be used by the stack during a subsequent cptration. 


8.7 USF Ot PUSHES AND PULLS TO COMMUNICATE VARIABLES BETWEEN SUBROUTINE 
OFFERA TIONS 


In Example 8.10, we perform the same operation as we did in Example 8.7; 
p > P r 
only here, instead of using fixed locations to pick up the pointers, we are 


going to use the stack as a communications vehicle: 


ee a er 


Location 11, 12 = Base "FROM" Address 


Location 13, 14 = Base "TO" Address 
Main Line Routine 


Bytes instruction 
2 LDA #Count -1 
Z PHA 
2 LDA #FRADI. 

1 PHA 

Z LDA #FRADH 
} PHA 

2 LDA ?#TOADL 
1 PHA 

2 LDA #TOADH 
1 PHA 

3 JSR SUBL 


14 


Subroutine 


—=— —, 


Byte Label Instruction Comments 
SUB1 LDX 6 
LOOP1 PLA 
STA. 10,X 
DEX Move Stack to Memory 
NE LOOP 1 
PLA set up Count 
TAY 
LOOP 2 LDA (11),Y 
STA (13),¥ 
DEY 
BNE LOOP 2 
LDA 15 
PHA 
LDA 16 
PHA 
RTS 


Move Memory Location 


Restore PC to Stack 


PN rH NFM NEF Pr NF bh Fr Ph 


al 


Total 42 Bytes 


We can see from this example that using the stack as a communication 
vehicle actually increases the number of bytes in the subroutine and the 
total bytes overall, However, the only time one should be using subreutines 
in this case is when the subroutine is fairly long and the anmber of times 
the subroutine is used is fairly frequent. This techaique does reduce the 
qumber of bytes in the calling sequence. The calling sequence is normally 
repeated once for every time the instruction is called; therefore the use 
of the stack to communicate should result tn a net reduction in the number 
of bytes used in the total program. 

Up until this time, we have been considering that the stack is ata 
fixed location and that all stack references use the stack pointer. It 
has not been explained how the stack pointer in tne microprocessor gets 
loaded and accessed. This is done through communication between the stack 


pointer and index register X&. 


88 TXS — TRANSFER INDEX X TO STACK FOINTE 


This instruction transfers the value in the index register X to “cue 


stack pointer, 
Symbolic notation is X + $. 
TXS changes only the stack pointer, making it equal to tne content of 


the index register X. It does not affect any of the flags, 
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'XS is a single-byte instruction and its addressing mode is Implied. 

Another applicution for TXS is the concept of passing parameters to 
the subroutine by storing them immediately after the jump to subroutine 
lis rece Lon. 

In Example 8.11, the from and to address, plus the count of number of 
values would be written right after the JSR instruction and its address. 

By locating the stack in Page Zero, the address of the last byte of 
the ISR can be incremented to point at the parameter bytes and then used 
as an indirect pointer to move the parameter to its memory location. 

The key to this approach is transferring the stack pointer to X which 
allows the program te operate directly on the address while it is in the 
stack. 

It shovid be noted that this approach automevically leaves the address 


on the stack, positsoned so that the RTS picks up the next OP CODE address. 


Example 8.11: - Jump to subroutine (JSR) followed by parameters 


Address Bus Data 
0100 JSR 
O1LO01 ADL 
0102 ADH 
G103 To High 
0104 To Law 
0195 From High 
0106 From Low 
0107 Count 
0108 Next OP CODE 


Before concluding this discussion on subroutines and parameter passing, 
one should again note the use of subroutines should be limited to those 
cases where the user expects to duplicate code of significant length sev~ 
eral times in the program. In these cases, and only in these cases, is 
subvoutine call warranted rather than the normal mode of knowing the 
addresses and specifying them in an instruction. In all cases where timing 
is of significant interest, subroutines should also be avoided. Subroutines 
add significantly to the setup end execution time of problem solution. Wow- 
ever, subroutines definitely have their place in microcomputer code and 
there have been presented 3 alternatives for use in application programs, 


The user will find a conbination of the above techniques most useful for 


solving his particular problem. 
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89 TSX - TRANSIER STACK POINTER TO INDEX X 

This instruction transfecs the value in the stack pointer to the 
index register X. 

Symbolic notation is S > X. 

TSx does not affect the carry or overflow flags. it sets N if 
bit 7 is on in index X as a result of the instructien, otherwise it is 
reset. If index X is zero as a result of the TSX, the Z fiag is set, other- 
wise it ig reset. TSX changes the value of index X, making it equal Co 
the content of the stack pointer. 


TSX is a single-byte instruction and the addressing mode is Implied. 


210 SAVING OF THE PROCESSOR STATUS REGISTER 


During the interrupt sequences, the current contents of the processor 
status register (P) are saved on the stack automatically. However, there 
are times in a program where the current contents of the P register must 
be saved for performing some type of orher operation. A particular example 
of this would be the case of a subroutine which is called independently and 
which involves decimal arithmetic, It is important that the programmeer 
keeps track of the aritnmetic mode the program is in at all times. One way 
to do this is to establish the convention that the machine will always be 
in binary or decimal mode, with every subroutine changing its mode being 
responsible for restoring it back to che kmown state. This is a superior 
convention to the one that is about to be described. 

A more general convention would be one in which the subroutine that 
wanted to change medes of operation would push P onto the stack, then set 
the decimal mode to perform the subroutine and then pull P back From the 
stack prior to returning Yeom the subroutine. 


Instructions which allow the user to accomplish this are as follows: 


8.11 PHP —~ PUSH PROCESSOR STATUS ON STACK 


This instruction transfers the contents of the processor status reg~ 
ister unchanged to the stack, as governed by the stack pointer. 

Symbolic notation for this is PY. 

The PHP instruction affects no registers or flags in the micropro- 
cessor, 


PHP is a single-byte instruction and the addressing imcde is. Implied. 
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S12 PLP PULL PROCESSOR STATUS FROM STACK 

This instruction transfers the next value on the stack to the Proces- 
sor Status register, thereby changing all of the flags and setting the mode 
switches to the values from the stack. 

Symboiic notation is +P. 

The PLP instruction affects no registers in the processor other than 
the status register. This instruction could affect all flags in the status 


register, 


PLP is a single-byte instruction and the addressing mode is Implied. 


S13 SUMMARY ON THE STACK 


The stack in the MCS650X family is a push-down stack implemented 
by a processor register called the stack pointer which the programmer ini- 
tializes by means of a Load X immediately followed by a TXS instruction and 
thereafter is controiled bv the microprocessor which loads data into mem- 
ory based cn an address constructed by adding the cantents of the stack 
pointer ta a fixed address, liex address 0100. Every time the microproccs~ 
sor loads data inte memory using the stack pointer, it automatically decre- 
ments the stack pointer, thereby leaving the stack pointer pointing at the 
next opeu memory byte. Every time the microprocessor accesses data from 
the stack, it adds 1 to the current value of the stack pointer and reads 
the memory locaticn by putting cut the address 0100 plus the stack pointer. 
The status register is automatically pointing at the next memory location 
to which data can now be written. The stack makes an interesting place to 
store interim data without the programmer having to worry about the actual 
memory location in which data wil] be directly stored. 

There are 8 instructions which affect the stack. They are: BRK, 
JSR, PHA, PHP, PLA, PLP, RTI, and RTS. 


BRK and RTI involve the handling of the interrupts. 
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CHAPTER 9 


RESET AND INTERRUPT CONSIDERATIONS 


GO VECTORS 

Refore developing the concepts of how the MCS650X Microprocessors 
handie interrupts and start-up, a brief definition of the concept of 
vector pointers needs to be developed. 

In the sections on Jumps and Branches, it was always assumed that 
the program counter is changed by the microprocessor under control of the 
programasr while accessing addresscs which were in program sequence. In 
order to get the microprocessor started and in order to properly handle 
external control or interrupc, there has been developed a different way 
of setting the program counter to point at a specific location. This 
concept is called vectored pointers. A vector pointer consists of a pro- 
gram counter high and program counter low value which, under control of 
the microprocessor, is loaded in the program counter when certain external 
events occur. The word vector is developed from the fact that the micro- 
processor directly controls the memory location from which a particular 
operation will fetch the program counter value and hence the concept of 
vector. 

By allowing the programmer fo specify the vector address and then by 
allowing the programmer to write coding that the address points to, the 
microprocessor makes available to the programmer al] of the control 
necessary to develop a general purpose control program. The microprocessor 


has fixed address in memory from which it picks up the vectors. By this 
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implementation, minimum hardware in the microprocessor is obtained. Loca- 
tions FFFA throuch FFFF are reserved for vector pointers for the micro- 
processor. Into these locations are stored respectively the interrupt 
vectors or pointers for: non-maskable interrupt, reset and interrupt 


request. 


94 RESET OR RESTART 


In the microprocessor, there is a state counter which controls when 
the microprocessor is going to use the program counter to access memory 
to pick up an instruction, then after the instruction is loaded, che 
microprocessor goes through a fixed sequence of interpreting instructions 
and then develops a series of operations which are based on the OP CODE 
decoding, 

Up to this point, it has been assumed that the program counter was 
Set at some location and that all program counter changes are then 
directed by the program once the program counter had been initialized. 

Instructions exist for the {initialization and loading of all other 
registers in the microprocessor except for the initial setting of the 
program counter. Tt is For this initial setting of the program counter 
to a fixed tocation in the restart vector locetion specified by the micro- 
processor programmer that the reset line in the microprocessor is pri- 
marily used. 

The reset line is controlled during power on initialization and is 
a common line which is connected to ail devices in the microcomputer sys- 
tem which have to be initialized to a known state. The initialization of 
most 1/0 devices is such that they are brought up in a benign state such 
that with minimum coding in the microcomputer, the prograwner can con- 


figure and control the I/0 in an orderly fashion. 
The concept has important systems implications in systems where 


damage can be done if peripheral devices cama up in urknown states. There- 


fore, in the MCS650X, power on or reset control operates at two levels. 
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First, by holding of an external line to ground, and having this external 
jine connected to all the devices during power up transient cenditions, 
the entire microcomputer system is initialized to a known disabled state. 
Second, the releases of the reset line from the ground or TTL zero 
condition to a TTL one condition causes: the microprocessor to be automat- 
ically initialized, first by the internal hardware vector which causes it 
to be pointed to a known program location, and secoudly through a software 
program which is written by the user to control the orderly start-up 
of the microcomputer system. 

All of the MCS650X% family parts also obey a discipline that while 
the reset line is Jow, the system is in a stop or reset state. The micro- 
processer is guaranteed te be in a Read state and upon release of the re~- 
set line from ground to positive, the microprocessor will continue to 
hold the line in a Read state until it has addressed the specified vectored 
count location, at which time control of the microprocessor is available 
to the programmer. 

NOTE: The MCS58U0 family also follows this convention. 


9.2 START FUNCTION 


While the resct line is in the low state, it can be assumed that 
internal registers may be initialized to any random condition; thercfore, 
no conditions about the iaternal state of the microprocessor are essumed 
other than that the microprocessor will, one cycle after the reset line 


goes high, implement the following sequence: 


le a lh lr 


Internal Operation 


Cycles Address Bus Data Bus External Operation 


l ? ? Don't Care Hold During Reset 
2 7 + 1 ? Don't Care First Start State 
3 O100 + SP 2 Bon't Care Second Start State 
4 O100 + SP-1 ? ; Don't Care Third Start State 
5 01900 + SP-2 ? Dont: Care Fourth Start State 
6 FFFC Stare PCL Fetch First Vector 
7 FFFD Start PCH Fetch Second Vector Hold PCL 
8 PCH: PCL First hoad First OP CODE 

OP CODE 


The start cycle actually takes seven cycles from the time the reset 
tine is let go to TTL plus. On the cighth cycle, the vector fetched trom 
the memory location FFFC and FFFD is used to access the next instruction. 
The microprocessor is now in a normal program load sequence, the location 
where the vector points should be the first OP CODE which the programmer 
desires to perform. 

The second point that should be noted js that the microprocessor 
actually accesses the stack three times during the start seyuerce in 
cycles 3, 4 and 5. This is because the start sequence is in effect a 
specialized form of interrupt with the exceptioa that the read/write line 
is disabled so that no writes to stack are accomplished during any of the 


cycles. 


93 PROGRAMMER CONSIDERATIONS FOR INITIALIZATION SEQUENCES 


There are two major facts to remember about initialization. One, the 
only automatic operations of the microprocessor during reset are to turn 
on the interrupt disable bit and to force the program counter to the vector 
location specified in locations FFFC and ¥FFD and to load the first insteuc~ 
tion from that location. Therefore, the first operation in any normal pro- 
gram will be to initialize the stack. This should be done by having pre- 
viously decided what the stack’ value should be for initial operations and 
then doing a LDX immediate of this value followed by a TXS. By this simple 
operation, the microprocessor is ready for any interrupt or non-magkable 
interrupt operation which might occur during the rest of the start-up 


sequence. 
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Once this is accomplished, the two non variable operations of the 
nachtue are under control. The program counter is initialized and under 
programm: r control and the stack is initialized and under program control. 
the next operations during the initialization sequences will consist of 
configuring end setting up the various control functions necessary to 
perform the 1/0 desired for the mtcroprocessor. 

Specific discussion for considerations regarding the start-up are 
covered in Section i]. 

fhe major things which have to be considered include the current 
State of the 1/G device and the non destructive operations that will 
allow the state to be changed to the active state. 

The initialization programs mostly consist of loading accumulator 
& immecotately with a bit pattern and storing it in the data control regis-— 
ter of an 1/0 device. 

Note: The interrupt disable is automatically set by the micro- 

processar during the start sequence. This is to minimize 

the possibility of a series of interrupts occurring during 

the start-up sequence because uf uncontrolled external 

values although it is usually possible to control interrupts 

as part of the configuration. 
fhe programmer should consider two effects. First, that the non 
maSkable interrupt is not blockable by this technique since it would be 
possible to configure a device that was connected to a non maskable inter- 
rupt and have to service the interrupt immediately. Secondly, the mask 
must be cleared at the end of the start sequence unless the user has 
Specific reason to inhibit interrupts after he has done the start-up 
Sequence. Therefore, the next to last instruction of the start-up 
sequence should be CLI, 

[t should be noted that the start-up routine is a series of 


sequential operutions which should occur only during power on initial- 


ization and is the first step in the programmed logic machine. 
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Because the execution of the routine during, power on occurs very 
seldom in the normal operation of the machine, the coding for power 
on sequence should tend to minimize the use of memory space rather 
than speed. 

The last instruction in the start-up sequence should initialize 
the decimal mode flag to the normal setting for the program. 

The next instruction should be the beginning of the user's normal 
programming for his device, everything preceding that being known as 


tT ousekeeping." 


9-4 RESTART 


It should be noted that the basic microprocessor control philosophy 
aliews for a single common reset Line which initializes all devices. 
This line can be used to clear the microprocessor to a known state and to 
reset all peripherals to a known state; therefore, it can be used as a 
result of power interruption, during the power on sequence, or aS an 
external clear by the uset to re-initialize the system. 

As discussed in the hardware manual, restart is often used as an 
aid to making sure the microprocessor has been properly interconnected 


ond that programs have been loaded in the correct locations. 


9.5 INTERRUPT CONSIDERATIONS 


Up until this point, the microprocessor has to proceed under program~ 
mer control through a variety of sequences. ‘The only way for the progran- 
mer to change the sequence of operations of the microprocesser was to 
change the program countec Location to point at new operations. The 
microprocessor is in control of fetching the next instruction at tae 
conclusion of the current instruction. The only way that external events 
coutd control the microprocessor, {f it were not for interrupts, would be 
for the programmer Co periodically interrupt oF stop processing data and 
check to see whether or not an external event which might cause him to 


change his direction has occurred. The problem with this rachnique is that 
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I/O events are usually asynchronous, i.e., not timed with the micro- 
pracessor internal instructions, therefore, it would be possible for the 
event to occur shortly after the programmer has stopped to look at I/0 
events which would mean that the event would not be sampied until the 
programmer took the time to stop his coding and sample again. 

Because the sampling of 1/0 devices normally takes several byte 
counts or cycles to accomplish, the frequent insertion of checking 
routines into straight line code results in significant delays to the 
entire progran. In trying to use this technique, there has to be a 
trade-off betwee. the fact that the program wastes a significant 
amount of time checking events which have not yet occurred versus 
delaying checking of an event which has occurred and if not timely 
serviced the duta may be lost. 

In order to solve this dichotomy, the concept of interrupt is used 
to signal the microprocessor that an external event nas occurred and the 
INicroprocessor should devote attention to it immediately. This technique 


accomplishes processing in which the microprocessor'’s program is inter- 


“ 


rupted and the event that caused the interrupt is serviced. 

transferring most of data and control to 1/0 devices in an interrupt 
driven enviroument will usually result in maximum program and/or program- 
mer efficiency. Each event is serviced when it occurs which means chere 
is a minimum amount of delaying in servicing events, also a minimum amount 
of coding because of elimination of the need to determine occurrence 
of several events simultaneously; each interrupting event is handled 
as a unique combination. It is possible to interrupt an interrupt 
processing routine and, therefore, all the interrupt logic uses the 
stack which allows processing of successive interrupts without any | 
penalty other than increasing the stack length. 

A real world example of an event which should interrupt is when 
the user is given a panic button indicating to the microcomputer some 
event has occurred which requires total immediate attention of the 


microprocessor to solving that problem. 


hed 
n> 
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The action and events are as follows: The microprocessor user 
pushes the panic button; the panic switch sensor causes an external 
device to indicate to the microprocessor an interrupt is desired; the 
microprocessor checks the status of the internal interrupt inhibit 
signal; if the internal inhibit is set, then the interrupt is ignored. 
However, if it is reset or when it becomes reset through some program 


reaction, the following set of operations occur: 


Example 9.2: Interrupt Sequence 


Cycles Address Bus ata Bus External Operation Internal Operation 
uk PC OP CODE Fetch OP CODE Hold Program Counter, 


Finish Previous 
Operation 
2 PC OP CODE Fetch OP CODE Foree a BRK 
Instruction, ifold 
P--Counter 
3 OLFF PCH Store PCH on Stack Decrement Stack 


Pointer to OLFE 
4 OLFE PCL Store PCL on Stack Necremeut Stack 
Pointer to OLFD 
5 O1FD P Store P on Stack Decrement Stack 
Pointer to OLFC 
6 ¥FFE New PCL Fetch Vector Low Put Away Stack 
7 FFF New PCH Fetch Vector High Veetor Low > 
PCL and Set I 
8 Vector OP CODE Fetch Interrupt Increment PC to 
Pid (POL Program Pos oh 


As can be seen in Example 9.2, the microprecessor uses the stack to 
save the reentrant or recovery code and then uses the interrupt vectors 
FFFE gnd FFFF, (or FFFA and FFFB), depending on whether or wot. an: interrupt 
request or a non maskable interrupt request had occurred. It should be 
noted that the interrupt disable is turned on at this point by the micro- 


processor automatically. 
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Yecause the interrupt disable had to be off for an interrupt request 


me 


tn have been honored, the return from interrupt which loads the processor 
status from before the interrupt occured has the effect of clearing the 
interrupt disable bit. After the interrupt has been acknowledged by the 


microprocessor by transferring to the proper vector location, there are a 


3 sored. ; 
ore variety of operations which the user can perform to service the interrupt; 
: however, all operations should end with a single instruction which 
reinitializes the microprocessor back to the point at which the interrupt 
= ! occurred. Tnis iuetruction is called the RTI instruction. 
nal Operation 
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In the following example, we can see the internal operation of the 


10t an interrupt 
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RYI which restores the microprocessor: 


b. the micro- 
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Cycles Address Bus 


Example 9,3: Return from Interrupt 


Data Bus External Operation Internal Operation 


ow -— 


i 0300 RTL Fetch OP CODE Finish Previous 
Operation, Increment 
| PC to 0301 
2 0301 ? Fetch Next OP CODE Decode RIL 
3 OLFC: ? Discarded Stack Increment Stack 
Fetch Pointer to QLFD 
4 OLFD F Fetch P Register Increment Stack 
Pointer to OLFE 
2 OLFE PCL Fetch PCL * Increment Stack Point- 
er to OIFF, Rold PCL 
6 OLFF PCH Fetch PCH - M>PCL, Store 
Stack Pointer 
7 PCH PCL OP CODE. Fetch OP COQ {increment New PC 


Notc the effects of the extra cycle (3) necessary to read data from 
stack which causes the RTI to take six cycles. The RTI has restored the 
stack, program counter and status register to the point they were at 
netore the interrupt was acknowledged. 

There is no automatic save of any of the other registers in the 
microprocessor. Because the interrupt occurred to allow data to be trans- 
ferred using the microprocessor, the programmer must save the various in- 
ternal registers at the time the interrupt is taken and restore them prior 
to returning from the interrupt. Saving of the registers is best done 
on the stack as this allows as many consecutive interrupts as the program- 
ming will allow for. Therefore, the reutines which save all registers 


and restore them are as follows: 


Example 9.4: Illustration of Save and Restore for Interrupts 


Cycle Bytes 


3 5 SAVE PHA Save A 
2 L TXA Save X 
3 1 PHA 
2 L TYA Save ¥ 
3. i: PHA 
13 5 
4 l RESTORE PLA Restore Y. 
2 1 TAY 
4 1 PLA Restcrce x 
2 1 TAR 
4 aes PLA Restore A 
16 5 
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The SAVE coding assumes that the programmer wants to save and to 
restore registers A, X and Y. It should be noted that for many inter- 
rupts, the amount of coding that has to be performed in the interrupt is 
fairly small. 

In this type of operation, it is usually more desirable to shorten 
the interrupt processing time and not use all of the registers in the 


machine, Therefore, a more normal interrupt processing routine would 
consist of just saving registers A and X which means that the restore 
routine would be just restore registers X% and A. This has the effect of 
shortening the interrupt routine by two bytes, and atso shortens the restore 
routine by two bytes and will cut 5 cycles out of the interrupt routine 

and 6 cycles out of the restore routine. 

This technique cowbined with autoinatic features of the interrupt 
and the RTI allows multiple juterrupts to occur with successive inter~ 
rupts interrupting the current interrupt. This is one or the advantages 
of the use of the stack so that as many interrupts Can interrupt other 
interrupts as can be held in the stack. The stack contains six bytes for 
every interiupt if all registers are saved, so 42 sequences of interrupts 
can be stored in one page. However, in more practical situations, consecue 
tive interrupts hardly ever get more than about three deep. 

The advantage of allowing an interrupt to interrupt an interrupEk is 
that the whole concept behind the interrupt is that asynchronous events 
can be responded to as rapidly as possible; therefore, it is desirabie 
to allow the processing to service one interrupt to be interrupted to 
service the second, as long as the first interrupt has been properly 
serviced. 

To review how this is accomplished using the normal interrupt 
capability of the HCS650X, it is important that we review the bus concept 
which is inherent in the MCS6500 family and which is compatible with the 
M6500. 


As has already been discussed, all 1/0 operations on this type of 


microprocessor are accomplished by reading and writing registers which 
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actually represent connections to physical devices or to physical pins 
which connect to physical devices. 

Up until this point, this discussicn has addressed itself to 
transferring cf data into and out of the microprocessor. However, there 
is a concept that is inherent in the bus discipline that says that when- 
ever an interrupt device capable of generating an interrupt desires to 
accomplish an interrupt, it performs two acts; first, it sets a bit, 
usually bit 7, in a register whose primary purpose is to communicate 
to the microprocessor the status of the device. The interrupting device 
causes one of perhaps many output lines to be brought low. These 
collector-or'd outputs are connected together to the TRO pin on the 
MCS650X microprocessor. 

The interrupt request to the MCS650X is the IRQ pin being at a 
‘TT zero. In order to minimize the handsheking necessary Co accomplish 
an interrupt, all interrupting devices obey a rule that says that onec an 
interrupt has been requested by setting the bit and pulling interrupe 
low, the interrupt will be held by the device until the conditicn that 
caused the interrupt has been satisfied, This aliows several devices 
to interrupt simultaneously and also allows the nieroprocessor to 
ignore an interrupt until it is ready to service it. This ignoring ts 
done by the interrupt disable bit which can be set on by the programmer 
and is initialized on by the interrupt sequence or by the start sequence. 

Once the interrupt line is low and interrupt disable ts off, the 
microprocessor takes an interrupt which sets on the interrupt disable. 

The interrupt disable then keeps the input low line from causing more than 
one interrupt until an interrupt has been serviced. There is no other 
handshaking between the microprocessor ard the interrupting device other 
than the collector-or'd line. This means that the microprocessor Must use 
the normal addressing registers to determine which of several collector~ 


or'td devices caused the line to go low and to process the interrupt waich 


has been requested. 
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‘Once the processor has found the interrupting device by means of 
analvzing status bits whick indicates an interrupt has been requested, 
the microprocessor then clears the status by reading or writing data 
as indicated by the status register. 

*+ shovld be noted that a significant difference between status 
registers and data registers in I/O devices is that status registers 
are never cleared by being read, only by being written into or by the 
microprocessor transferring data from a data registcr which corresponds 
to some status in the status register. Detailed examples of this 
interaction are discussed in Chapter 1). The clearing of the status 
register also releases the collector-or'd output thereby releasing the 
interrupt pin request. 

The basic iuteraction between the microprocessor and interrupting 
device is when interrupting device sets the status bit and brings its 
output TRO line low. If its output TRO line is connected to the micro- 
processor interrupt requesc line, the microprocessor waits until the 
interrupt disable is cleared, takes the interrupt vector, and sets the 
juterrupt disabie which inhibits further interrupts in the IRQ line. 

The -craprocessor determines which interrupting device is causing an 
interrupt and transfers data from that device. 

Transferring of data clears the interrupt status and the IRQ pin. At 
this point, the programmer could decide that he was ready to accept another 
interrupt even though the data may have been read but not yet operated on. 
Allowing interrupts at this point, gives the most efficient operation of 
the microprocessor in most applications. 

There are also times when a programmer may be working on some coding 
the timing of which is so important that he cannot afford to allow an 
interrupt to accur. During: these times, he needs to. be able to turn on 
the interrupt disable. To accomplish this, the microprocessor has a set 


and clear interrupt disable capability. 


97 SOFTWARE POLLING FOR INTERRUPT CAUSES 

As was indicated above, any one of several devices are collector-or'd 
to cause an IFQ. The effect of any one of the devices or combination of 
them having polled the IRQ line low is always the same. The interrupt 
stores the current status of the program counter and processor on the 
stack and transfers to a fixed vectur address. In servicing the inter- 
rupt, it is important to save those registers which will be used in the 
analysis of the interrupt and during the interrupt processing, 580 the 
normal first steps of the interrupt routine are to do the SAVE pro- 
cedures, 

The next operation is to determine which of the various potential. 
interrupting devices caused the interrupt. To accomplish this, the 
programmer should make use of the fact that all interrupting devices 
signal the interrupt by a bit in the status register, All currently 
implemented 6800 and 6500 peripherals always have interrupt indicators; 
either bit 7 or bit 6 in their status register. Therefore, the basic loop 
that a user vill use to verify the existence of an interrupt on one of 


five devices is as follows: 


Example 9.5: Interrupt Polling 


No.of Bytes Cycles 
3 4, LDA Status l 
Z 2 BMI FIRST 
4 4 LDA Status 2 
2 2 MI SECON 
3 4 LDA Status 3 
2 2 BMI THIRD 
3 4 LDA Status 4 , 
2 2 BMI | FOURTH 
3 / LDA Status 5 : 
2 2 BMI FIFTH . 
RESi1 JMP to RESTORE 
FIRST LDA DATA L =. 
CLI : 
Process l 
etc. : 
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In this example, the simplest case where the potential interrupts 
are indicated by bit 7 being on, has been assumed. This allows advantage 
to be teken of the free N-bit test by following the load of the first 
status register with a branch on result minus. If the first device has an 
active interrupt request, the BMI will be taken to FIRST where the data is 
transferred. This automatically clears the interrupt for the first device. 
To allow multiple interrupts, the load A is followed by the CLI instruction 
which allows the program to accept another interrupt. As a result of the 
CLI, one of two things can occur; there is not another interrupt currently 
active, in which case, the microprocessor will continue to process the 
first interrupt down to the point where the interrupt is complete and the 
first subroutine does a jump to RESTORE, which is the routine that unsaves 
the registers that were used in the process of servicing the interrupt, 

If another device has an active interrupt which occurred either prior 

to the first interrupt or subsequent to it but before the microprocessor 
has reached the point where the CLI occurs, then the microprocessor will 
immediately interrupt again following the CLI, go back and save registers 
ay defined before and cowe back into the polling loop. Therefore, multiple 
interrupts are serviced in the ordsr in which they are looked at in polling 
sequence. Polling means that the program is asking each device individu- 
ally whether or net it is the one that requested an interrupt. 

It should be noted that polling has the effect of giving perfect 
priority in the sense that no matter which two interrupts occur before the 
microprecessor gets to service one, the polling sequence always gives 
priority to the highest priority device first, then the second, then the 
third, etc. In light of the fact that this polling sequence requires no 
additional hardware to implement other than is available in the inter- 
rupting devices themselves, this is the least expensive form of interrupt 
and the one that should be used whenever possible because of its indepen- 


dence from external hardware. 
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Although it would appear that the last interrupting device in a 
sequence pays a significant time penalty based on the amount of anstruc= 
tions to be executed before the last device is serviced, the amount of 
time to perform polls is only six cycles per device and, therefore, 
the extra penalty that the last device has to pay over the first device 
is 24 cycles. This is in comparison to a minimum time to cause an inter- 
cupt (eight cycles), plus store time for registers (in the range of 
another 8 to 13 cycles) which means that the delay to the lest devices 
is roughly twice what it would be for the first device. 

This timing just described represents a most interesting part of the 
analysis of interrupts for a microprocessor. There is a significant 
amount of fixed overhead which must be paid for the interrupt. This over- 
ead includes the fact that the interrupts can only oceur at the end of 
an instruction so, therefore, if an interrupt occurs prior to the end of 
gn instruction, the microprocessor delays until the end of the instruction 
to service ict. Therefore, in doing cne worst cave analysis, one has to 
consider the faet that the interrupt might be occurring in the middle of 
a seven cycle, read/modify/write instruction which means that the worst 
case time to process the first instunetion in an interrupt sequence is 
i4 cycles (7 cycles plus the 7 cycles for the interrupt). 

In light of the fact that saving of additional registers ts often 
required (at least the accumnlator A must be saved), at least twice 
the number of cycles will be required. Consequentty the ahsolute oinimuum 
worse case time for an interrupt. is 17 cycles plus the time fa transter 
data which is another 4 cycles. Therefore interrupt driven systems must 
be capable of handling a delay of at least 20 cycles and more realistically, 
20 to 50 cycles before the first interrupt is serviced. nis means that 
devices which are running totally interrupt driven must not require succes~ 
sive bytes of data to be transferred to the microprocessor in less than 30 
or 40 cycles and on a given system, cnly one device is capable of operating 
at that rate at one time. This limits the interrupt driven frequency of 


data transfer to 40KHZ at a one megahertz clock system and 80KH4Z on a two 


megahertz clock system, 
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An even more serious preblem is the timing delay when an interrupt 
fas just started te be serviced. The interrupt mask is on and higher 


priority interrupts are blocked from service. In this case, the delay 


‘to the service can easily stretch out to 100 cycles before the interrupt 


mask is cleared. This is one of the reasons for clearing up the inter- 
rupt mask as soon as data is transferred. (The non-maskable interrupt 

which will be discussed later is one solution to this problem.) A second 
is to only use interrupts for systems that have adequate buffering and/or 
slower transfer rates. This does not imply that mast microprocessor 
applications shorid not be primarily interrupt driven. The MCS650X inter- 
rupt systew is designed to be very economical and easy to apply. It should 
be used for almost all contro] applications, other than when the throughput 
described is not sufficient to handle the particular problem. [It should 

be remembered that at one megahertz the fast MCS650X is not really capable 
of handling problems with more than 5OKHZ byte throughput for a sustained 
period of operation. It is also true that in most control applications, 
many of the sipynals eccur at much slower rates or are bufferable so that 
the response time to a request for service 1s significantly longer than 

the 20 to 50 cycles that can normally be expected with a polling system. 
Because cf this, it is expected that most applications will be quite 


satisfied using the polling technique described above. 
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However, there are occasions where several high speed peripherals 
can be managed by the microprocessor if the user is willing to make the 
investment to attain a truly vectored interrupt. There 1s a second leves 
of interrupt vectoring possible by just putting one high priority device 
on the non-maskable interrupt line. However, the case when multiple 
inputs are desired with both priority encoding and true vectoring, the 
MCS650X when combined with appropriate hardware has the ability in the 
first polling instruction to transfer control to appropriate interrupting 


device service software. 
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The MCS6520 contains, in its two bytes of memory, 

an indirect pointer to the address of the subroutine in which 
resides the interrupt processing for the devices, which the priority 
encoder has selected. This gives an effective service time of approxi- 
mately 24 cycles to a prioritized interrupt and is one of the primary 


applications of the jump indirect capability. 


JMP Indirect 


a rs a 6, et 


ead 


This instruction establishes a new value for the program counter. 

tt affects only the program counter in the microprocessor and affects 
no flags in the status register. 

JMP Indirect is a three byte instruction. 

In the JMP Indirect fnserdction, the second and third bytes of the 
instruction represent the indirect low and high bytes respectively of the 
Once ADL is fetched, the pregram counter is 


memor, location containing ADL. 


incremented with the next memory location containing ADH. 


Example 9.6: Illustration of JMP Indirect 
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Address Data External Internal 
Cycle Bus Bus _ Operation Operation. 
1 0100 OP CODE Fetch OP CODE Fintsh Previous 
Operation. 
Increment PC to 010! 
2 O101 LAL Fetch IAL Interpret Instructic: : 
Increment PC to 102. 
3 01602 TAH Fetch [fAH Store IAL 
4 IAH, [AL ADL Fetch ADL Add | to ITAL 
5 LAH, LAL+1 ADH Fetch ADI! Store ADL 
6 ADH, ADL Next OP Fetch Next 
CODE OP CODE 
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U9 INTERRUIT SUMMARY 


There is an interrupt request line (IRQ) that, when low, indicates 


jority : one of the devices which are connected to the interrupt request line 
of approxi- requires service. At the beginning of the interrupt service routine, the 
primary | user should save, on the stack, whatever registers will be used in his 


jntertupt processing routine. His pregram then goes through a polling 
sequence to determine the interrupting device by analyzing the status 
registers in the order of priority of service for the 1/0 devices. On 


finding a device which requires service, the data for that device should 


nC rs ; 
oom : be read or written as soon as possible and the interrupt disable cleared 


ape l afiects 
OY, ABE EREE so that the microprocessor can interrupt again to service lower priority 


devices. Devices with over 40KHz byte transfer, etc., and mixed devices 


with over 20KHz should not normally be run interrupt driven. All others 


: t "ee of he " . . * » 
1 pyte should be run interrupt driven as it minimizes the service time and 


ns ° f a . * 
~ ‘yely of the ; programing for interrupt [1/0 operations. 


r cram counter is 
9.10 NON-MASKABLE INTERRUPT 


As is discussed, it is often desirable to have the ability to inter- 
rupt an interrupt with a high priority device which cannot afford to wait 
during the time interrupts ere disabled. For this reason, the MCS650X has 
iternal 
eae a second interrupt line, called a Non-Maskable Interrupt. The input 

erat I 
characteristics of this line are different than the interrupt request line 
1 sh Previous 
ss. Vera Oils 
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crement PC to 010: 
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which senses it needs service when it remains low. The non-maskable input 


is an edge sensitive input which means that when the collector-or's input 


ee as ee 


s transitions from high to low, the microprocessor sets an internal flag 
t epret instructi: 


te cement PC to 10. such that at the beginning of the next instruction, no matter what the 


status of the interrupt disable, the microprocessor performs the interrupt 


eee Ree rhs he Tp ie 


c > TAL 

sequence shown in Example 9.2 except that the vector pointer put out in 
le“) te TAL 

cycle 6 and 7? is FFPA and FFFB. 
«06g ADL This gives two effects of a non-maskable interrupt. First, no 


matter what the status of the interrupt disable, the non-maskable inter- 
rupt will interrupt at the beginning of the next instruction, therefore, 


the maximum response time ta the vector point is 14 cycles. Secondly, the 


es er rn et et - - 3 


internal logic of the MCS650X is such that 1f an interrupt request and nen- 
maskable interrupt occur simultaneously or if the non~-maskable interrupt 


occurs prior to the time that the vectors are selected, the microprocessor 
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always assigns highest priority to the auon-maskable interrupt. Therefore, 
rhe FFFA and FFFB vector are always taken it both interrupts are active 

at the time the vector is selected. ‘Thus the non-maskable interrupt 1s 
always a higher priority fast response line, and can, in any given system 
be used to give priority to the high sneed device. 

It is possible to connect multiple devices to tie non-maskable inter- 
rupt line except for the fact that the non-maskable interrupt is edge 
sensitive. Therefore, the same logic that allows the [RQ to stay low until 
the status has been checked and the data transferred will keep the non-mask- 
able interrupt line in a low state until such time as the first interrupt 
ic serviced. If subsequent to the first interrupt of a non-maskable inter-~ 
rupt line occuring, a second device which is collector-ored would have 
turned on its status and collector-or'd output, the clearing of the first 
interrupt request woula not cause the line to re-initialize itself to the 
high state and the microprocessor would ignore the second interrupt. There- 
fore, multiple lines connected to the non-maskable interrupt must be careful- 
ly serviced. 

In any case, NMI is always one free high priority vectored interrupt. 
By virtue of the fact that it goes to a different vector pointer, the 
microprocessor programmer can be guaranteed that in 17 eycies he can trans- 


t 


fer data from the interrupting device on the non-maskable interrupt input. 


The [RQ and NME are lines which, externally to the microprocessor, 
control the action to the microprocessor through an interrupt sequence. 


As is mentioned during the discussion on the start comand, the restart 


fa 


yele is a pseudo interrupt operation with a diffecent vector being 
selected for reset which has priority over both interrupt and non- 
maskable interrupt. Non-maskable interrupt has oriority over interrupt. 
There is also a software technique which allows the user *o simulate an 
interrupt with a microprocessor conmand, BRK. It is primarily used for 
causing the microprocessor to go to a halt condition or stop cendition 


during program debugging. 
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The break command causes the microprecessor to go through an inter- 


nterrupt is ; 





rupt sequence under program control. This means that the program counter 
e° "en system . . i : 
‘: | ‘Of the second byte after the BRK is automatically stored on the stack 
a rt ened Aaipaneey oe Arpaprpet ar Nema arte Sees bomen) Rr Rp re ee ER A 
oo along with the processor status at the beginning of the break instruction. 
a Ss k ab i eC i ‘a t e Tt _— é ere ae aia tenement tention ire ae See ee Se Oe RG TI ; : aay. Se raat a aaa 
fhe microprocessor then transfers control to the interrupt vector. 
t edge 


Symbolic notation for break is PC + 2+ (FFFE)*PCL (FFFF}+PCH. 
scay low until ; nets : 
Other than changing the program counter, the break instruction 

an the non-mask- 
| changes no values in either the registers or the flags. 


ee, Ce 


rs interrupt 


| The BRK is a single byte instruction and its addressing mode is 
maskable inter- 
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As is indicated, the most typical use for the break instruction Is 


Sd ee tel 


o~the first 


during program debugging. When the user decides that the particular pro- 
itself to the i 
gram is not oparating correctly, he may decide to patch in the break 
te vel. here= ' ; . 
a ; instruction over some code that already exists and halt the program when 
¢t 
must be careful- i : ; Se 
it gets te that point. In order to minimize the hardware cost of the 
break which is applicable only for debugging, the micreprocessor makes use 
ye interrupt. j . 
=~ . of the interrupt vector point to allow the user to trap out that a break 
mter, the | : 
' has occurred. In order to know whether the vector was fetched in response 
S$ + Can trans- ‘ : : i . . 
{ to an interrupt or in response to a@ BRK instruction, the 8 flag is stored 
i I ’ 
icerrupk input. i ; : oe : 
E : on the stack, at stack pointer plus i, containing a one in the break bit 
} 
op cessor, : position, indicating the interrupt was.caused by a BRK instruction. The B 
; 
i ’ 1 * . 7 
{ Seauence. ‘ bit in the stack contains Q if it was caused by a normal IRQ. Ther2fore, 
the restart i the coding to anslyze for this is as follows in Example 9.6. 
t 
r ‘ing 
— i 
a: wane } Example 9.7: Break-Interrupt Processing 
Eo bicela —— — 
q 
yr .terrupt. t : ; 
Cycles Bytes Check for A BRK Flag 
sic-late an 
S 4 Af PLA Lead status register 
iv used for 3 1 PHA Restore onto Stack 
alae 2 2 AND f $ 10 Isolate B Flag | 
e. 4d LELO ; 
: : os). a: BNE BRKP Branch to Break Programming 
as li 6 
! 
| 
Normal Interrupt Processing 
; 
= i 
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This coding can be inserted any place in the interrupt processing 
routine. During debugging, if the user can afford the execution time, it 
should be placed immediately after the save routine. If not, it can be 
put at the end of the polling routine which gives a priority to the 
polling devices as far as servicing the interrupts. However, it should 
be noted that in order not to Lose the break, the returns from all inter- 
rupts during debugging should go through an equivalent routine. 

Once the user has determined that the break is on, a second analysis 


and correction must be made. It does not operate in a normal manner of 


holding the program counter pointing at the next location in memory during | 
the BRK instruction. Because of this, the value on the stack for the 
program counter is at the break instruction plus two. If the break had 
been patched over an instruction, this is usually of no significant 
consequence to the user. However, if it is desired to process the next ; 012 MEMORY & 
byte after the break instruction, the use of decrement memory Instructions 

i A serie 
jn the stack must be used. 


1 : Memory Organ 
It is recommended that the user normally takes care of patcning Y a 


ovvgrams with break by processing a full instruction prior to returning : Hex Add 
and then use jump returns. 0000-04 
An interesting characteristic about the break instruction is that it's 9100-01 
OP CODE is all zero’s (0), therefore, 22K ceding can be used to patch ; 0200-37 
: 4000-7F 
fusable link PROMS through a break to an E-ROM routine which inserts patch ; SH00-"F 
coding. | PFPA 
t EFEX 
An example of using the break to patch with is shown below: PRFC 
f PFFD 
P g wi : PETE 
Example 9.8: Patching with a break utilizing PROMS, | aes 
Old Code FC21 LDA i The add 
FC22 05 8000 Hex, ha 
FC23 a4 a sage 
FC24 Next 0? CODE the Hardware 
RAM should b 
Patched FCZ1 BRK OO oe audience 
Code Fc22 05 is necessary 
FC23 21 : stack or at 
FC24 Next OP CODE . 
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The interrupt vector routine points to: 


Patch LDA 
06 

21 

JMP 

24 

FC 


This coding substitutes: 


LDA 2106 
for the 
LDA 2105 
coding at 
FC21 


vy use of the BRK and a break processing routine. 


912 MEMORY MAP 


A series of requirements were discussed to this point for the 


memory organization which can be illustrated by the following memory map: 


Hex Address 


COO00-OQ0rFF RAM used for zero page and indirect memory addressing 
operation. 

O100-OlFF RAM used for stack processing and for absolute addressing. 

O200-3FFF Normally RAM. 

4000-7FFF  Normaliy 1¥/0 

8000-FFFS Program storage normally ROM. 


FRFA Vector low address for NMI. 

FFFB Vector hign address for NMT. 

FFFC Vector low address for RESET. 

FFFD Vector high address for RESET. 
FFFE Vector low address for IRQ + BRK. 
FFFF Vector high address for IRQ + BRK. 


The addressing schemes for 1/0 control between locations 4000 and 
8000 Hex, have not been fully developed. This is described in detail in 
the Hardware Manual, Chapter 2. The Zero Page addressing requires that 
RAM should be located starting in location 00. If more than ore RAM page 
is necessary, RAM location 0100 through O1FF should be reserved for the 
stack or at least a portion of parts should be reserved for the stack 
with the rest of it being available to the user to use as normal RAM, 


Locations from 0200 up to 4000 are normally reserved for RAM expansion. 
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in small memory configuraticns such as are inherent in a MCS6530 class de- 
vice, in order to minimize tlie addressing lines, page Cwo (O2XX) will be 
normally used for input/output as opposed to using the 40XX page which 1s 
used for devices which require significant amoune of outboard RAM, ROM 

and 1/0. 

Because of the fact that the MCS650X has three very important vector 
points selected in highest order memory, it is usually more useful to 
write programs with the memory storage located at a starting address 
which allows the programmer to make sure that the last address in his 
ROM contains the start and interrupt vectors. Because of these alloca- 
tions, the user finds himself working in three directions. RAM is 
assigned in location 0000 working up. I/O devices are started at 
location 4000 starting up and ROM starts at location FFFF and works down. 
Although this seems like an unusual concept, one must remember that the 
hardware really only gives performance tc either end of memory and, 
therefore, data located in the middle has no priority one over the other. 
So starting at either end is just as useful a tecnnuique as starting at one 
end and working up. 

In order to take maximum advantage of the capability of the micro- 
processor, particularly when using a symbolic assembler, working data 
should be located starting in the location 0, and stack addresses should 
be reserved imtil after analysis of the working storage requicements have 
been completed. Program storage should start in high order memory with 
some guess as to the amount of memory required being taken and that being 
raken as a Start address. However, care should be taken to assign the 
three fixed vectors almost immediately at least symbolically as chey ave 


all necessary for correct operation of the microprocessor. 
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CHAPTER 10 


SHIFT AND MEMORY MODIFY INSTRUCTIONS 


10.0 DEFINITION OF SHIFT AND ROTATE 


In many cases operations of the control systems must operate a bit at 
atime. Data is often available only bit-serial and sometimes sequential 
bit operations are the only way to solve a particular problem. In addition 
to that, in order to combine bits into a field, shift and rotate instruc- 
tions are necessary. Multiply and divide routines all require the ability 
to move bits relative to one another in a full multiple byte field. 

The shift instruction is one that takes a register such as the 
accumulator and moves ali of the bits in the accumulator 1 bit to the right 
or 1 bit to the left. Examples cof the shift and rotate instructions in the 


MCS650X% are shown below: 


Example 10.1: General shift and rotate 


Shift Right before 
After 
Shift Left Before 
After 
Rotate Left Before 
After 
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ieee 


| 


As you can sec from our example, moving data i bit toa the right 1s 
called shift riplt. ‘The natural consequence of the shift right is that 
the input bit or high oder bit in this case is set te 0. Moving the dati 
in the registers L bit te the left is called shift left. In this case, the 
0 is inserted in the low order position. These are the 2 shift capabilities 
that exist in the MCS6é50X microprocessor, 


It should be noted that in both cases, the bit that is shifted from 


the register, the low order bit in snift right, and the high order bit in 


. 


shift left, is stored in the carry flag. This is to allow the programmer 
to test the bit by means of the carry branches that are available and also 
t> allow the rotate capability to transfer bits in multiple precision 
shifts. 

the second part of the multiple precision shift instruction is the 
rotate which is shown in Example 10.1, in which the value of the carry bit 
hecomes the low order bit of the register, and the output bit from the shift 


is stored in carry. 


10.) LSR ~- LOGICAL SHIPT RIGHT 


This instruction shifts either the accumulator or a specified memory 


location 1 bit to the right, with the higher bit of the result always being 


set to 0, and the Low bil which is shifted out of the field being stored 


in the carry tlag. B/ EO 


eet pe we seg en ncn enn ee ee AO 
The symbolic notation For LSR is 0 ef | | | E] 


The shift right instruction either affects the accutulator by shift- 
ing it right l or is a read/modify/write instruction which changes a speci- 
fied memory Location but does not affect any internal registers. The shift 
right does not affect the overflow Flag. The N flag is always reset. The 
2 flag is set if the result of the shift is 0 and reset otherwise. The 
carry is set equal to bit QO of the input. 

LSR is a read/write/modify instruction and has the following address-~ 


ing modes: Accumulator; Zero Page; Zero Page,&; Absolute; Absolute,X. 
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we right is . 10.2 AS: - ARITHMETIC SHIET LEFT 


ah ois that | 
the shift left instruction shifts either the accumulator or the ad- 
ovimg the data 
ae dress memory location ] bit to the left, with the bit 0 always being set 
this case, the 

eaass to Q end the bit 7 output always being contained in the carry flag. ASL 
if capabilities 
= either shifts the accumulator left ] bit or is a read/modity/write instruc- 


a : tion that affect # only memory. 
st ited from 
aren roe } The symbolic netation for ASL is ele p——— = 0 
oS ” e / ek oes eee 
4 


he progzammer 


lz le and also . 
Yhe instruction does not affect the overflow cit, sets N equal to the 


eb ll a 


precision 
3 result bit 7 (hit 6 in the input), sets Z flag if the result is equal to 
oe. <a: he ee ‘ 0, otherwise resets Z and stores the input bit 7 in the carry flag. 
: | ; , ASL is a read/modify/write dustruction and has the following address~ 
tue carry bit ; 
: ing modes: Accuirulator: Zero Page; Zero Page,X; Absolute; Absolute,X 
t «com the shift 7 o é : Bes Beas : ; 
: 
‘ 16.3 ROL ~- ROTATE LEFT 
; 
k mst : ~ . t . - oer 
i The rotere left instruction shifts either the accumulator or addressed 
ey Se eens ‘ memory left 1 bit, with the input carry being stored in bit .0 and with the 
2 ti J > 
¥ 
5 . 7 5 . shreaypd oe on os -yscy : = pay gn 
re always being input Ot: 7 peing SEOTEG 2% sue Carry flacs. 
t aaa 


. The symbolic notation for ROL is f[ Br 
being etored ia a_i (cp { | ae 
= song : 
i * 


cee eee 


ee The ROL instruction either shifts the eccumilator left 1 bit and 
stores: the carry in accumuletor bit 0 er does not affect the internal ree- 

ater, by shift- ! isters at all. The RUL instruction sets carry cqual to the input bit 7, 

changes a speci- sets N equal to the input bit 6, sets the Z flag if the result of the ro- 

te . The shift | tate is 0, otherwise it resets % and dces not affect the overflow flag at 

ays reset. The ; all. 

er se, The ROL is a read/modify/write instruction and it has the following address- 
ing modes: Accumulator; Zero Page; Zero Page,X; Absolute; Absolute,X. 

lowing address- 3 

Ab olute,X. i 

re { 


» 
a” 
re 


104 ROR - ROTATE RIGHT (Available on Microprocessurs after Jie, 1976) 


The rotate right instruction shifts etther the aerumulator or addressed 


menory right 1 bit with bit O shifted into the carry and carry shifted into 
OLE F< 


LL EE TY he 5 Le hE A A yyy 


The symbolic notation for ROR is ‘ 
B 


oie ee 


The ROR instruction either shifts the accumulator right 1 bit and 








Stores the carry in accumulator bit 7 or does not affect the internal repgis- 


ters at all. The ROR instruction sets carry equal to input bit 0, sets N 


equal to the input carry and sets the 7 flag if the result of the rotrce ig 0: 


otherwise it resets Z2 and does not affect the overflow flag at all. 
ROR is a read/modify/write instruction and it has the following address-~ 


ing modes: Accumulator; Zero Page; Absolute; Zero Page,X; Absolute ,X. 


[0.5 ACCUMULATOR MODEL ADDRESSING 


As indicated, all of the shift instructions can operate on the accumu- 


ce 


lator. This is a special addressing mode that is unique to the shift in- 


~ 


etructions and cperates with the Following set of operaticns: 
Example 10.2: Rotate accumulator left 


External 
Operation 


Internal 


Cycles Address Bus Data Bus Operation 


1 LOO OP CODE Fetch Next Finish Previous 
GP CODE Oparation; Increment 
PG t6: UE 
2 101 Next retch Dis- Decode Current In- 
OP CODE carded OP CODE structions; Hold P- 
Counter 
3 101 Next Fetch Next Shift Through the 
OP CODE OP COBE Adder 
4 102 ? Fetch Second store Results into 4; 


Byte Interpret Next OP CODE 


As we can see, the accumulator instructions have the same effect as 
the single-byte non-stack instructions in the sense that the dnstruction con- 
tains both the OP CODE and the register in which the operations are going 


to be performed; therefore, in cycle 2, the microprocessor holds the pro~ 
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gram counter und in cycle 3, fetches the same program counter location and 
starte the next instruction operation. ‘At the same time, it is transferring 
~he results from the adder into the accumulator; this is because of the look- 
ahead and pipelining characteristics of the MCS650X. .- The accumulator shift 


and rotate operations take only 2 cycles and 1 byte of memory. 


16.6 READLMOOIYYRITE INSTRUCTIONS 


The MCS650X has a series of instructions which allow the user to 
change the contents of memory directly with a single instruction. These 
instructions itnetide all of the shift, rotate, increment and decrement mem- 
ory instructions. The operation of each of these instructions is the same 
in that the addcessiny wode that is defined for the instruction is imple- 
mentied the same way as if for normal instructions. After the address has 
been calculated, the effective address is used to read the memory Location 
into the microprocessor arithmetic unit (ALU). The ALU performs the opera- 
tion and then the same effective address is used to write the resuits back 
into memory. The most difficult operation is the addressing moce Absolute 


Indexed which is illustrated in Example 10.3 fer the rotate Left instruc- 


tion, ROL: 


Example 10.3: Retate memory left Absolute x 


External Internal 
Cycles Address Bus Data Bus Operation Operation 
1 100 OP CODE Fetch Finish Prrvious 
OP CODE Operation, Incre- 
ment PC to 101 
2 1.01 ADL Fetch ADL Decode Current In- 
struction, Increment 
PC to 102 
3 102 ADH Fetch ADH Add ADL + X, Incre- 
ment PC to 103 
4 ADH, ADL + XK ‘4 False Read Add Carry from 
Previous Add to ADH 
2 ADH + C, Data Fetch Value 
ADL + X 
6 ADH + C, ? Destroy Perform Rotate, 
ADL + X Memory Turn on Write 
7 ADH + C, Shifted Store Set Flags 
ADL + X Data Results 
8 103 OP CODE Fetch Next Increment PC to 104 


OP CODE 
15s 


Cycle 4 is a wasted cycle because read/modify/write instruction should 
wait until the carrv had been added to the address high in order to avoid 
writing a false memory location. ‘This is the same logic that is used in 
the store instruction in which the look-ahead or the short cut addressing 
mode is not taken advantage of. Cycle 4 is an intermediate read, and 
cycle 5 is when the actual data that is going to be operated on is read, 

The address lines now hold at that address for cycles 5, 6 and 7. The 
microprocessor signals both itself and the outside world those operations 
during which it will not recognize the ready line. It does this by pulling 
the Write line. The Write line is pulled in cycle 6 because data is writ- 
ten into the memory location that is going to be written into again in 


eycle 7 with correct data. 


Because data bits read from memory have to be modified ana returned, 
there is no pipelining effect other than the overlap of the adding in the 
wddress low and index register. The 7 cycles it takes to perform read/ 
modify/write Absolute Indexed,X instruction is the worst case in timing 
for any section of the machine except for interrupt. This unique ability 
to modify memory directly is perhaps best illustrated by the coding in 
Example 10.4 which is used to shift a 4-bit BCD number, which has been 
accumulated in the high 4 bits of the accumulator as part cf the decoding 
operation, from the accumulator, into a memory field. Figure 10.1 isa 


Flow chart of this example. Examples such as this often “cenr in point- 


of-sale terminals and other machines in which BCD data is entered sequen- 


tially. This.example assumes that the value is keyboard entered, through 


which data is entered into the accumulator from left to right but has to 
be shifted into memory from right to left. The velue in the field before 
the shift is a 1729 which after the shift will be a 17,295. 
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Flow Chart for Moving in a New BCD Number 


FIGURE 16.1 
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Example 10.4: Move a new BCD number into field 
Belore After 
Field OO 00 
00 01 
1? 72 
29 95 
Accumulator 50 00 


Coding 
Bytes Instruction 
2 LDY 4 = £ , 
2 LOOP-2 LDX 4 rte ee ies er Se 
1 ASLA 
3 LOOP-1 ROL Price <-l, X 
1 DEX shift the field 1 bit 
Z BNE LOOP~1 
1 DEY shifts four times. 
we BNE  TLOOP-2 
14 bytes 


There are several new concepts intreduced in this example; the first 
is the use of index register Y as just a ccunter to count the number of 
times the character has been bit-shifted. It is a corpmon approach to use 
bit shifts, as its implemented in the MCS650X family, to shift data into 
memory. The power of being able to communicate diractly it: memory is shown 
by shifting bits from one byte to the next byte using a single ROL indexed 
instruction. This example uses a loop within a loop ang ic should be 
noted that LOOP L occurs 4 times for every time LOOP 2? occurs. The in- 
ternal loop is very important in the sense that this loop executes 16 
times for the problem; therefore, its execution time should be optimized. 

In addition to having the ability to shift and rotate memory, the 


HCS650X has the ability to increment and decrement memory locations. 
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tO.8 INC. INCREMENT MEMORY BY ONE 


This instruction adds 1 to the contents of the addressed memory loca- 
ELON: 
The symbolic notation is M+1.>M. 


The increment memory instruction does not affect any internal registers 


~ 


and does not affect the carry or overflow flags. If bit 7 is on as the 

result of the increment, N is set, otherwise it is reset; if the increment 

causes the result to become 0, the Z flag is set on, otherwise it is reset. 
The addressing modes for increment are: Zero Page; Zero Page,X; Abso- 


lute; Absolute,X. 


10.8 DEC — DECREMENT MEMORY BY ONE 


This instruction subtracts 1, in twe's complement, from the contents 
of the addressed memory location. 

Symbolic notetion for this instruction is M~- 1 > M. 

The decrement. instruction dees not affect any internal register in the 
microprocessor, Tt does not affect the carry or overflow flags. If bit / 
$6 on aS a result of the decrement, then the N flag is set, otherwise it 


is reset. Jf the result of the decrement is 0, the Z flag is set, other~ 
wise it 1s resel. 

The addressiag modes for decrement are: Zero Page; Zero Page,X; 
Absolute; Absolute,d. 

In wany examples through the report, we have used the ability to incre- 
ment aud decrement registers in the microprocessors. The advantages OF 
incrementing and decrementing in memory are that it is possible to keep 
external counters or to directly influence a bit value by means of these 


instructions. lt is sometimes useful during 1/0 instructions. 


10.9 GENERAL NOTE ON READ/MODIFY /WRITE INSTRUCTIONS 


The ability to read, modify and write memory is unique to MCS6500 
class microprocessors. The usefulness of the instructions is limited anly 
by the user's approach to organizing memory. Even though the instructions 
are fairly long in execution, they are significantly shorter than having 
to load and save other registers ta perform the same function. Experience 
in organizing programs to take advantage of this manipulation of memory 


will allow the user to fully appreciate the power of these instructions. 
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CHAPTER 11 
PERIPHERAL PROGRAMMING 


11.6 REVIEW OF MCS6520 FOR LO OPERATIONS 


It should be noted that in the following discussions, the major 
difference between the MCS6530 I/O and the main register of the MCS6520 
is that the extra bit in the contro] register need not be used in the 
MCS6530. All registers in the MCS6530 are directly addressable. 


Example 11.1: The. MCS6520 Register Hap 


——— 


— ae we ae OSS a —_— eee ee 


r eo t ; 
,A DATA DIRECT~1 'B DATA DIRECT- 
| ION (AD) 1 TON (BD) 


eee Pn ee ee 


So epi detcn cd wag ee 






* = Buse Address 















PIAD *=* +1 
PIAC * = * +1 A DATA (AD) B DATA (BD) 
PILD k= F + 3} 
PIBC k= k + 1 
A CONTROL (AC) B CONTROL (BC) | 
A SIDE B SIDE 


In Example 11.1 a progranming forin to describe the PIA is shown, 
The programming form is used in the Cross~Assembler and Resident 
Assembler with the MCS650X product family. The notation * = is used 
to define any location. The notation means that the assembler instruct- 
ion counter is set equai to the value following the equal sign. The 
expression * = * + ] causes the assembler to recognize that there is 
one byte of memory associated with the term; therefore, we can see 
that the definition of the four registers PJAD, PIAC, PIBD and PIBC 


are consecutive memory locations starting at some base address, with 






Bs sce sash ihn Jy sade 


the first byte addressed as PIAD, the second byte aiirensed as PIAC, the 
third byte addressed as PIBD, and the fourth bece az #180. This is 
anormal way 4a MC56520 would be organized and this is the way the 


& 


programming form should be set up. The base addrecs is picked up by 
an algorithw described in the hardware manual bot nermally it 18 a 
value between 4004 and 4080 Hex. Each 4US6520 is piven a base address 


which works progressively up from 4004 lex, 


In Example 11.1 two resisters are shown in dotted Jines. This is 
because each of the A DATA (AD) and B DATA (BD) parts of the MCS$6520 
are actually two registers having the same address, ene which specifies 
the direction of each of the input/output paths (the Data Direction 
Register), the second one which is actually the connection to the in- 
put/output paths (the Data Register). Because of pin Limitations on 
the MCS6520, the microprocessor can only directly address one of the 
registers at a time. Differentiation as to which registcr is being con- 
nected to the microprocessor is a function of bit 2 in the respective 
control register (AC and BC). If bit 2 is off, the Dara Direction Reg- 
ister is being addressed; if it is on, the Data Register is being ad- 


dressed. 


During the initialization sequence, therefore, the MCS6520 starts 
out with all registers at zero. This means that the wicroprocessor is 
addressing the Data Direction Register. The PLA initialization is done 
hy writing the direction of the pins into the Data Direetion Register 
(AD, BD} and then setting on the control flag as described below. Aftec 
that, the program will wormally be dealing with the data registers. 


Example 11.2: Gerz.ai PIA Initialization 


LDA # DLRECT 
STA PIAD 


Initialize Direction 


LDA # CONTR 
STA PTAC 


Inttialize Control 


Loy 


me MBS 2 ee 


emp we ed Ae 


te 


os Bate 8 AMR ee be 


-.M@eeorcs 


2 oe 


Rxample 


be completed 


Lieb MCS6SC0 IN, 


The MCSE 
of the progra 
have an inter 
interruph. T 
causing spuri 
Examples of t 
impedance noi 
media. In tt 
by some physi 
Lie. Of “the. ies 
the MCS6520, 


control regis 


Each of 
The -Caontrok F 
pin is sgensit 
whether or ne 


has occurred. 


Lt shou 
cause 43a starr 


prehensive [, 


yo DTAL mo 4 > ° ea ae eee ae” 7 
tus PLAC, the : Example J1.2 illustrates a general form of initialization and can 


é 
1 is is be completed for as many PIA's as there are in the system. 
ray the f 
‘ke up by . 
' 4 fh MCSGSQU INTER CTPE CONTROL 
it. Ss @ 
ase address The MCS6520 has a basic interrupt capability which is under control 
of tne programmer. Almost all MCS6500 1/0 devices that allow interrupts 
7 have an interrupt control register that allows the user toa disable the 
‘Ss, ‘This 15 interrupt. This will keep inputs which are not necessarily active from 
it 156520 causing spurious interrupts which must be handled vy the microprocessor. 
ch specifies é Kxanples of this are open tape loops or other signals which have high 
$ 
or Lay impedance noise sensitive inputs except when connected to some kind of 
teathe> die : medias. In this type of application. normally the interrupt is enabled 


‘ations on by some phvsical action from the persan using the device such as Joad- 


me af the ine of the cassette, pushing the power-on switch, etc. In the case of 
s t & 3 


— 


is being con- the MCS6520, there are two interrupt causing conditions for each 


re ‘ective control register. 
re .ion Reg- 
being ad- Each of these interrupts concern themselves with one input pin. 
The Control Register allows the programmer to decide whether or not the 
pit. is sensitive to positive edge signals or negative edge signals and 
whether or not an interrupt shall occur when the selected transition 


has occurred. 


Oe Ee IR pr a HT ee A ee 


{ 
‘tion +5 done : 

; It should be noted that, therefore, it is possible for a line to 

mm  ofpister ; 
cause a status bit to be set without causing an interrupt. The com- 
below. After 
; prehensive 1/O Program in Section 11.5 uses this combination. 
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Example | eee futerrupt Mode Seuup 


eet 


Bit 7 Status Bits Hits 1 0 Interrupt 
Ser on Negative Edpe 0 9 No 

Set on Negative dee QO 1 Yes 

set oon Positive Cdge 1 90 No 

set on Positive tdpe i 61 Yes | 
Bit 6 Status Bit: Bits 4 3% Interrupt 
set on Negative kdge a ae No 

set on Negative Edge QO dl Yes 

Set on Positive Edge 1 90 No 

Set on Positive Edge a od Yes 


kif bit 5 equals zero 


The proper combination of bits are usually determined during the 
design of the MC&S6520 interconnection and form the constant which 
is loaded in the econtrol register. The constant that is loaded in 
the control register should contain bit 2 on. For example, to allow 
bit 7 to be set on negative going signals with interrupt enable and 
bit 6 to be set on positive signals with interrupt disable, the 


control value would be Hex 15. 


With bit 5 on, the pin that controls bit 6 can be see as an 
output pin. Thé output pin is either controllable by the microprocessor 
directly or acts as a handshake to reflect the status of reads and 
writes of the data register. The operation of the output pins CA2, CB2 


depends on how bits 5, 4, and 3 are programmed, as shown in Example 11.4. 


Example 11.4: CA2, CBZ Output Control 


CA2 Output With: Bit 5 on 
Bic 4 = Bit 3 

Low on read or wrice until 

bit 7 on 0 0 

Low on read or write for rf) l 

one cycle 

Always 0 : af ) 

Always 1 1 1 
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The decision as to whether or not to use the one cycle low until 
bit 7 comes on is a hardware decision, depending on the device which 


is hoeked to the pin. 


Tt should be of interest to the programmer to note that bit 6 con- 
trols pins known as CA2 or CB2 which can be considered to be auxiliary 
outputs which are controlled by bit 3 assuming the processor is 


initialized so that bit 5 and bit 4 are ones. 


Example 1] 5 shows the use of controlling bit 3 using AND and 
OR instructions; however, it shouJd be noted that this technique 


applies for anv individual bit in the PIA data direction register also: 


Example 1). 5: Routine to Change CA2 or CB2 Using Bit 3 Control. 


Set CA? 





LDA PIAC 
ORA #SO8 
STA PTAC 


Clear CAy 


LDA PTAC 
AND #SF7 
STA PIAC 


Note: $ - Direction to Assembler for Hex Notation 
# ~ Direction to Assembler for Production Cperator 


By similar techniques, every pin in the microprocessors of the 


MCS6520 can be controlled. there are two particular notes to remember: 


l. In the MCS6520, both bit 6 and bit 7? are cleared on either 
side by reading of the corresponding data register if bit 6 has 
been set up as an input. This means tuat polling sequences 
for 1/0 instructions should only read the status registers and 
then read the data registers after the status has been determined, 
otherwise false clearing of the status data may occur. 

9. Fyen though the handshake for the CB2 pin is on write of B 


data, a read of B data must be done to clear bit 7. 
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11.2 IMPLEMENTATION TRICKS FOR USE OF THE MCS6520 PERE TEER AL 
INTERFACE DEVICES 


11.2.1 Shortcut Polling Sequences 

[In section 9.7, the techniques for usins, a LOAD A to poll foc 
interrupts was covered; however, the 1/0 devices on the MCS6520 
can either set bit 6 or bit 7 on fo cause an interrupt; therefore, 
a different technique needs to be used to analyze the MCS6520 to 
poll a series of 6520's each one of which could have caused the 
interrupt. It is for this purpose that the BIT instruction senses 
both bit 6 and bit 7. Coding for a full poll of a PIA is as 


shown: 


Example 11.6: Polling the MCS6520 


Interrupt Vector JMP STORE 
LDA #CO Set up Mask for 6 and 7 


RIT PIAAC Check for neither 6 or 7? 

BEQ NXT1 

BMI SEVEN Tf 7,20 to save-- 
otherwise clear 


Process BIT 
6 INFRRRUPT 
NXTTI BLE PLABC 
BEQ NXTZ 
etc. 


This program takes full advantage of the BIT instruction by 
checking for both bit 7 and 6 clear. BMI to SEVEN just checks N is 
on and that N is a higher priority. Tf bit 6 is one, the overflow 
bit will elso be set, allowing the finish of the process seven | 
routine to test the overflow and jump back ta the precess bit 6 


coding. 
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Bit & and bit 7 were sampled by the single RIT instruction, 
speed was accomplished by loading the mask for just bit 6 and 7 into 
the register which allows the BEQ instruction to determine that 


neither of the two flags is on. 


This routine depends on the fact that in the MCS6520, if 


CA2 or CKh2 is an output, bit 6 is always zero, 


11.2.2 Bit Organization on MCS6520's 


er ee ree i ee 


In the microprocessor, there is a definite positional pref- 


erence for the testing of single bits. In the MCS6520 Data Direct- 


ion Register, it is possible to select ary combinations of input/ 
Gutput pins py the pattern that is loaded in the Data Direction 
Register. A one bit corresponds to an output and a zero bit 
corresponds to an input. The natural tendency would be to use 
MCS6520s with all eight bits urganized into a byte. There is 
relatively little advantage to organizing this way unless the 

eight bits are to be treated as a single byte by the program. This 
is often not the case, more often the bits are a collection of 


Switenes, coils, lights, ere: 


On such combinations, advantage should be taken of the fact 
that bit / is directly testable so that a more useful combination 
of eight pins on one MCS6520 register would be seven outputs and 
a single input with the single input on bit 7. This organization 
allows the programner to load and branch on that location without 
ever having to perform a bit or shift instruction to isolate a 


particular bit. 


A similar capability for setting a single bit involves the 
orgaulzalion of data with seven inputs and a single output with a 
single output located in bit 0. This bit may be set or cleared by 
an INC or DEC instruction without affecting the rest of the bits 
in the register because the input pins ignore signals written from 
the microprocessor. Therefore, the more skilled MCS6500 programmer 
will often mix single outputs on bit O and a single input on bit 7 


with bits of the corresponding opposite type. 
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A rather unique use of the memory with a READ/MODIFY/WRITE 


operation involves setting the data register at all zeros, then 
using the three state autpul of the 3 side to sample a keyboard. 
The following Figure 11,1 shows the eannecttion for a 6% key key~ 


board organized 8 x 8: 











BR Side BD 
8 x» 8 Switch a 
Recode _e = Seen 
Matrix 
A D 
ee ee See eee 
A SLIDE 
Key board Encoding Matrix Diagrant 


RIGURE I1.1 
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The B side is set up to act as a strobe so that each of 
the output lines will have a ground on it during one scan cycles 
The eight A side data inputs are then sampled and decoded by the 
micreprocessor giving a 64 key keyboard which is directly trans~ 


latablte into code. 


Figure 11.1 and Example 11.7 make use of the capability 
of the microprocessor to move a bit through the MCS6520 register 
iocation. This program also uses the compare instruction and the 


ability to detect a carry during a shift. 


Exariple 11.7: Coding for Strebing an 8 x 8 Keyboard 


me rh po a 


Output Strobe is indicated by a one in Data Director Register. 


Any connection is indicated by a zero in register bil. 


LDX #0 
STX PIABD 
LDA PTABC 
AND FR Initialize Control Register to 
STA PTABC Address Data Direction Register 
STX FIAS8C 

SEC Set low end bit on 

LOOP ROL PILARD 


Initialize B Data Register 


Shift for Strobe 


BCS DONE . 
LDA PIAAD if all sampled, exit 
CMP #FF Check for no zeros 


BEQ LOOP 
If any zeros, then process them. 


A and PIABD can now be used to find out just what key is 
depressed. 
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Set Control Register 
To Point At 
Data Direction Register 


| 


Set Up Direction Register 
Equal To Al] Zeros 
And Set Carry 





Shire hefe 
Strobing Register (CBD) 


Check 
For Done 
By Checking Lf 
Shift Pas Moved 
Bit OCF End-at 
Register 
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Then process Acemulator 
for Zero Bits 


Keyhoard Strobe Sequence 
FIGURE 11.2 
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Pho3 MONS 30 PROGRAMAUNG 
Although they have separate addressing, the Data Direction and 


Input/Output Registers operate the same as on the MCS6520. 


Programming of the Interval Timer has some special problems. 
First of all, the time is effectively located in all addresses from 
XXX4-XXXF. By picking the preper address, the programmer is able to 
control the P scale for the timeout. Initialization of the Interval 
Timer is done by a LOAD A followed by STORE A into the timing count. 
The value stored in the timing counter represents the number of states 
which the counter will count through. The address used to load will 
determine how many edditional divisions of the basic clock cycle will 


be counted. 


When the counter finally couats to zero, it continues to count 
past zero at the one cycle clock rate in order to give the user an 
opportunity to sample the Status Register, then come back and read 
the Count Register to determine how tong it has been since an 


interrupl occurred. 


Servicing an interrupt is the same for this Control Register as 
for any other interrupting register. bit 7 is set on in the Status 
Register to indicate that the Interval Timer is in the interrupt 


staie and bit 7 is reset by the reading of the Counter. 


teS.d, Reine o: tne Counter Kegister 


ee —————+- 


Because of the nature of counting past zero, the number 
jin the Count Register is in two's complement form. It can be 
added directly to and used to correct the next count ina 
sequential string of counts or for correction for one cycle 


accuracy. 


114 HOW TO ORGANIZE TO IMPLEMENT CODING 


The specific details of organizing to get coding assembled is a 


function of the software that is used to implement the coding. Two 
mere: 


software programs are currently available for the MCS650X family. 


The Cross Assembler is available on various time share systems 


or for batch use on the user's system, Its documentation is covered in 


the Cross-Assembler Manual, publication number 6500-60. The Resident 
Assembler is available in the Microconiputer Development Terminal, 
as well as for sale in ROMs. The documentation for this is covered in 


the Resident Assembler Manual, publication number 6500-65. 


The major advantages of using an assembler are that the assembler 
takes maewonies and labels and calculates the fixed code. Reference 
to the OP CQDE tables in the appendix shows that coding in Hex its 
quite difficult because there is no ordered pattern to the instruction 


Hex codes. 


The Cross Assembler or Resident Assembler allows one to specify all 
inputs and outputs in symbolic form on a documented listing. Symbolic 
addressing is a technique whichhas the following advantages over 


numerical addressing: 


1. It allows the user to postpone until the last minute actual 
memory allocation in a program which is being develonved. Inu 
a microprocessor that has isemory-oriented teatures such as 
Zero Page, memory manageneat is important. tt is desirable 
to have as many as possible of the read/write values in the 
Zero Page. However, until the coding is complete, the ergani- 
zation of Zero Page may be in doubt. Valnes which are 
originally assigned in Zere tage may aot be an valuable there 
after some analysis of the coding either indicates that the 
applications of these values use indirect references or index- 
ing by Y which does not allow the program to really take 
advantage of Zero Page locations whereas some other code 
which may not be as frequently used might stilt result in a 
code reduction ty use of Zero Page. This allocation, if all 


the fields are defined symbolically, can be done on the 


final assembly without any changing in the user's codes, 


2. Use of symbolic addresses for programming branches leads to 
a better documented program and as one soon cetermtnes 


calculation of relative branches is difficult and subject 
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to change any time a coding change is made. For example, 
if one has organized a program with a loop in which three 
or four branches all return to the same point and then | 
discovers a programming error which requires a single 
instruction to be added between the return point and 
various branches, each branch would have to be edited 

and recalculated, The symbolic assembler accomplishes 


this automatically on the next assembly pass. 


11.4.1 Lave? Standards 





The MCS650X% assemblers have becn done on a reserve word 
basis in which the various mnemonics which have been described 
are always considered to be OP CODE mnemonics. 1f any three 
character fields exactly match a mnemonic then the assembler 
assumes that the field is an OP CODE and proceeds to evaluate 
the addressing. Any other label may be located in free form 
anywhere in the coding. This means that one should organize 
one's labels such that he never has a three character Jabel 
which inadvertently might be considered an OP CODE. The easiest 


way to accowplish this is to always follow a pattern on labels. 


Good programming practice requires that the user develop 
a systems flow chart for his own basic program and individual 
flow charts for subroutines before starting the coding. From 
the time the routine is flow charted, it is very easy for the 


user to then assign a mnemonic label to the basic subroutine. 


In this text, notations like LOOP, LOOP 1, etc. are used. 
In an ADD, loop would be ADLP. 


The MCS650X assembler allows six spaces for 
labels. It is good practice to use two characters to generally 
identify the subroutine, two more characters for mnemonic purposes 
and then a numbering system which allows correlation between 
various addresses within a LOOP within a subroutine. By strictly 
numbering such that ADLP1 is different from ADLP3, each 


ean be addresses within the same LOOP. 
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It is assumed that the PIA's are connected in the normal manner 


of Status Register Address equal to Data Register Address + L. 


The following table and flow chart defines the program implemented 


in the example, 


fable #1 contains the address of all of the MCS6520 Status Registers. 


Table #2 contains the address of the put-away location for Lhe 


respective data. 



















Table #l PIA #1 
PLA #1 ADL 
| et aon | DATA 
——i> 5 Se ae EE oe OR REC 
= rn en a 
| ADH wet STATUS 
Table #2 List 
ADL 
[weg Value 
: — i a Valve 2 
Value 3 
‘a, HEE ve 





169 


Or See at 


et te Rag ew. ar A 


ee ee ee a ed 


soe +e ee 


eee ere re ee ee re ee oe 


bet ee tr ig i a ele 


OED ered 6 Otte * 


— 


eo. hee 


a a 


bination 
Loop wil 
MnAeMoOnLe 
all refe 
of using 
mnemonic 
ile micr 


numeric 


[i.8 COMPREHE? 


Figure | 
Assembler lis 
which itlnsti 
eight devices 
Pilon OL’ cic« 


is set up to 


Using six character Jabels, there are a hundred com- 


aayner binations of code which could be used in a given routine or 


loop without the user having to think through the rest of 
mnemonic notation. The use of characters plus a numeric for 
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atl] references is sound programming practice. The advantage 


of using this technique atlows one to use three character 
‘ 
i miemonics without ever interfering with the reserve word of 
: : the microprocessor OP CODE mnemonics because they never have a 
ROE ESL EE is ; 
numeric in the mnemonic. 
t 
r the i 
= i 11.8 COMPREHENSH: 1/0 PROGRAM 
' ; 
Figure 11.3 derienstrates the program flow in support of the Cross- 
: Assembler listing (Euample 11.9) of a time-sharing routine of a program 
i which illustrates the use of the indexed indireet to perform a search of 
eight devices which have active signals for servicing. The implementa- 
ees tion of the cight devices is done in MCS6520's where the MCS6520 status 
% 
is set up to be a flag in bit 7 of a Control Register. 
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Ad INTRODOECTION 


The microprocessor instruction set is divided into three basic groups. 
The first. group has the greatest cddressing flexibility and consists of 
the most general purpose instructions such as Load, Add, Store, etc. 
The second group includes the Read, Modify, Write instructions such as 
Shift, Increment, Decrement and the Register X movement instructions. The 
third group contains all the remaining instructions, including all stack 
operations, the resister Y, compares for X and Y and instructions which do 
not fit naturally into Group One or Group Two. 

There are eight Group One instructions, eight Group Two instructions, 
and a@1l of the 39 remaining instructions are Group Three instructions. 

The three proups are obtained by organizing the OP CODE pattern te 
give maximum addressing flexibility (16 addressing combinations) to Group 
One,to pive eight combinations to Group Two instructions and the Group 


Three Instructions are basically individually decoded. 


A.2 GROUP ONE INSTRUCTIONS 


These Instructions are: Add With Carry (ADC), (AND), Compare (CNP), 
Exclusive Gr (EOR), Load A (LDA), Or (ORA), Subtract With Carry (SBC), and 
Store A (STA). Each of these instructions has a potential for 16 addressing 
modes. However, in the MCS6501 through MCS6505, only eight of the availabie 
modes have been used. 

Addressing modes for Group One are: Immediate, Zero Page, Zero Page 
Indexed by X, Absolute, Absolute indexed by X, Absolute Indexed by Y, 
Indexed Indirect, Indirect Indexed. The unused eight addressing modes are 
to be used in future versions of the MCS650X product family to allow 
addressing of additional on-chip registers, of on-chip [/0 ports, and to 


allow two byte word processing. 


4 


As GROUP TWOINSTRUCTIONS 


Group iwo inst rivtiens ate primarily Read, Modify, Write instructions. 
There are really two sub.: tepoaries within the Graup Twe instructions. 

The components of the first group are ehift and rctate instractions and 
are: Shift Righe “i.SR), Suite Left. (ASL), Rotate Left (ROL), and Rotate 
Right (ROR). 

The second subgroup ineludes the Increment (INC) and Decrement (DEC) 
‘nstructions and the two index register x instructions, Load X (LX) and 
Store X (STX). These instructions would normally have eight addressing 
modes available to them because of the bit pattern. However, CO allow 
for upward expansion, only the foilowing addressing modes have been de- 
fined: Zero Page, Zero Page Indexed by A, Absolute, Absolute Indexed 
by X, and a special Accumulator (or Register) mode. The four shift in- 
structions all have register A operations, the incremented or decremented 
Load X and Store X instructions alse have accumulator modes although the 
Increment and Decrement Accumulator has been reserved for other purposes. 
Load X from A has heen assigned ifs own mnemonic, TAX. Also ineluded in 
this group are the special functions of Decrement X which is one of che 
special eases of Store A. Included also in this group in the X decodes 
are the TXS and TSX instructtons. 

AL1 Group One instructions have a11 addressing modes available to 
each instruction. In the case of Group Two instructions, another address- 
ing mode has been added; that of the accumulator and the other special de- 
codes have also been implemented tn this basic group. Iluwever, Che primary 
function cf Group Two instructions is to perform some meaory operation using 
the appropriate index. 

It should be noted for documentation purposes tinat the X instruct Lon: 
have a special mode of addressing in which register Y is used ier all in- 
dexing operations; thus, instead of Zero Page [Indexed by K, K instructions 
have Zero Page Indexed by Y, and instead of having Absolute Indexed br X, 


X instructions have Absolute Indexed by ¥. 
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Ad GROUP THREE INSTRUCTIONS 


There are really two major classifications of Group Three in- 
structions; the modify Y register instructions, Load Y (LDY), Store Y 
(STY), Compare Y (CPY), and Compare X (CPX), instructions actually 
occupy about half of the OP CODE space for the Group Three instructions. 
Increment X (INK) and Increment Y (1NY) are special subsets of the Compare X 
and Compare Y instructions and all of the branch instructions are in the 
Group Three instructions, 

Instructicus in this group consist of all of the branches: 


BEQ, BML, BNE, BPL, BPC and BPS. 


BCC, BCS, 
All of the flag operations are also de- 
voted to one aidressing mode; they are: CLC, SEC, CLD, SED, CLI, SEI and 

ULV. All of the push and pull instructions and stack operation instructions 


are Group Three instructians. These include: 


BRK, JSR, PHA, PHP, PLA and 
There 


Load Y, 


PLP. The IMP and BIT instructions are also included in this group. 
is no comnon addressing mode available to members of this group. 
Store Y, BIT, Compare X and Compare Y have Zero Page and Absolute, and all 


of the Y and X instructions allow Zero Page Indexed operations and Immediate. 
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ALPHABETIC BY MNEMONIC 


WITH OP CODES, EXECUTION CYCLES 


AND MEMORY REQUIREMENTS 
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Operation: A + 























j 
The following notation applies to this summary: ses 
| 
A Accumulator imines 
ee Index Registers ete 
M Memory | Pisa O 
P Processor Status Register Ahad 
S Stack Pointer : Abeelu 
y Change Absolu 
a No Change (Indiré 
7 ee (Indire 
‘\ Logical AND = 
_ Subtract pees 
¥ Logical Exclusive Or 
3 Transfer From Stack | 
+ Transfer to Stack 
> Transfer Co A REM 
+ Transfer to itd 
V Logieal OR Logical AND to 
PC Program Counter ! Operation: A 
PCH Program Counter High 
PCL Program Counter Low : 
OPER OPERAND 
it IMMEDEATE ADDRESSING MODE 2 
Tmmed 
Note: At the top of each table is located in parentheses a : Zero 
reference number (Ref: XX) which directs the user to Zero 
that Section in the MCS6500 Microcomputer Family Absal 
Programming Manual in which the instruction is defined : Absol 
and discussed, : Absol 
(Indi 
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Operation: 
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Addressing 


Mode 
Immediate 
Zero Page 
Zero Fage, X 
Absolute 
Absolute, X 
Absulute, Y 


(Indirect, X) 


| C(Ilndirvect)..¥ 
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aie 





A+M+4C7 4, C 


Add inemory to accunniator with carry 


N#cCIDV 
yy¥y¥~——7 


(Ref: 2.2.1) 
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OP No... 
CODE Bytes 


Assembly Language 
Form 

















ADC # Oper 2 
ADC Oper Z 
ADC Oper, X 2 
ADC Oper 6D 3 
ADC Oper, & 7D 3 
ADC Oper, Y 79 3 
ADC (Oper, X) 61 2 
ADC (Uper), ¥ yas 2 
Add 1 if page boundary is crossed, 
: . ARD 
“AND” memory with accumulator ad 


Logical AND to the accumulator 


Operation: 
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Addressing 
Mode 


Immediate 
Zero Page 
Zero Page, X 
Absolute 
Absolute, X 
Absolute, Y 


(Indirect, X) 
(Indirect),. ¥ 


ata | ale yt 
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(Refi 2523.0) 
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AND # Oper 29 2 
AND Oper 72 2 
AND Oper, X a2 2 
AND Oper 2D 3 
AND Oper, X 3D 5 4k 
AND Oper, Y 3 4x 
AND (Oper, X) Zz 
ND (Oper), Y 2 


a ah plier eh: Ts A SA Fa «are Be 


Add 1 if page boundary is crossed. 
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a a 5 ; < 
A oi ASL Shift Left One Bit (Memory or Aceunuilator) ASt 
Operation: lo|5]4 3]2] 119] +@ Memeo: FD 

Vee Looe 
(Ref: 10.2) 
Addressing Assembly Language OP 






Mode Form COLE 








Accumulator 
Zero Page 
Zero Page, X 
Absolute 
Absolute, X 





ied tos J i 
BCC Branch on Carry Clear ity My 


Operation: Branch on € = G NZ#C LDV 
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Addressing Assembly Language 
Mode Form 
Relative BCC Oper 


re ae ek 
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* Add L if branch occurs to same page. 


* Add 2 if branch occurs to different page. 
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Operation: Brane 
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ANperation: Branch on C = 1 


ee tee 


(Ref: 4.1.1.4) 
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ee ee een 


Relative 


* Add 1 if branch occurs to same page. 


* Add 2 if branch occurs to next page. 
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Assembly Language 
Form 





No. 
Cycles 





[ Addressing 
Mode 














Relative BEQ Oper 





* Add 1 if branch occurs to same page. 


* Add 2 if branch occurs to next page. 
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Operation: AA M, A ee ey 
bo 
Bit 6 and 7 are transferred to the status register. NZ#cCIodDV 
{f tne result of AAM is zero then Z = 1, otherwise ae Me 
o> B 
(Ref: 4.2.1.1) 
Addressing Assembly Language OP No. 
Mode Form CODE Bytes 
Zero Page BIT Oper 24 2 
Absolute BIT Oper 2G 3 
men cre, 
oe as mae, 2g 
Dead BMY Branch on result minus EE 
Operation: Branch on W = i NZcI1IDV 


(Ref! -421.1;, 13 
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Addressing Assembly Language No, No. 
Mode rorm Rytes Cycles 
Relative BMI Over 2 2* 





Add 1 if branch occurs tc same page. 


* Add 2 if branch occurs to different page. 
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Operation: Branch on Z = 0 NZCIDV 


(Ref: 4.1.1.6) 





Addressing Assembly Language 
Form 


A es a ee tence 


Relative BNE Oper 





* Add 1 if branch occurs to same page. 


* Add 2 if branch occurs to different page. 





Us fe | 
Kh B. BPL Branch on result plus 


Operation: Branch on N = @ NZ2cCIDV 


‘ref: 4.1.1.2) 


Assembly Language 
Form 





* Add 1 if branch occurs to same page. 


k Add 2 if branch occurs to different page. 


Ba? , 


be wal BRK Force Break BI esad 
Operation: Forced Interrupt PC +t Z22°P 2 N2ZCIODV 
ot og i 1 Se oes 


(Ref: 9.11) 
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Mode Form 





Implied BRK 








1. A BRK command cannot be masked by setting f. 


EXE ENAIS 
a ¥ BYC Branch on overflow clear £5 ¢ 
Operation: Branch on V = 0 hee et OY 


(Ref: 4.1.1.8) 22 7 
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Form 
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Relative BVC Over 5¢ 2 2% 


* Add 1 if branch occurs to same page. 


x Add 2 if branch occurs to different page. 
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(Ref: 4.1.1.7) 
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* Add 2 Lf branch occurs to different page. 
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(Refs. 30,2) 
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(Refs: 3,3;52) 








Ses 


Assembly Language 
Fort 





CLI Clear intezrupt disable bit 


(heft 3.2.2) 
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Cly 


Operation: § > 





ene 
saudi 


Gperation: A ~ 





ras 


* Add 1: 


ee - 


Che | CLV C flow fll CL 
tsi LV Clear overflow flag " 
Operation: @ > V NZ CID Y¥ 


eres 
aT 
Ween? 


= 
te ee eel a a) 


(Ref: 3.6.1) 


a A-line 












Addressing 
Mode 


Assembly Language 






NL No. 
ytes Cycles 


eh ele Per gees em . oH. 








ee aT NS RS Fh Ts 


Implied 





PL Trial a a I RA ee 


ON me ea Re pee A ees 


eT cae OF pet ee RY A FE ee Ft ee a dd ee oe 


a: 4b , Pr py 
Peek CMP Compare memecry and accumulator ery 


Operation: A - M ir op es Oo 
¥¥~y¥—--—-— 


‘Ref: 442.3%) 








Addressing Assembly Language 
Mode Form 


Py en tee 


Immediate CMP #0p cr 





Zero Page CMP Oper 

Zero Page, X CMP Oper, X 
Absolute CMP Oper 
Absolute, X CMP Oper, X 
Absolute, Y CMP Oper, Y 
(Indirect, X) CMP (Oper, X) 
{Indirect}, Y CMP (Qper), Y 


2 
2 
Z 
3 
3 
3 
2 
2 





* Add 1 if page boundary is crossed. 


RN a a A Re Re A. ot am a oh BSS cr an ag tanta ahah ieee aime amie a anal ah ee as ohn dt ee ee 


PF r. rt ee Eh. i ~ “a 
CPA CPX Compare Memory and Index X CA Hoe 
2 
Operation X ~ M NZ cl DY : Operation: M - 1. 
i 
¥ y / ce 4 


(Ref: 7.8) 


Addressing | Assembly Language No. 


Mode 













Form Cycles 








— 


er 


Immediate CPX # Oper Zero 

Zero Page Cex: Oper Zero 

Absolute CPX Oper Abdsol 
Absol 





aA 7k § rm HOF 
CBY CPY Compure snemory and index Y CP d per 
Operation: Y - M NZC.LDYV Operation: X - ] 


ee nee 
(Ref: 7.9) 


eh 











ee eae el bree! a _ 










Addressing Assembly Language 
Mode Form b 
Immediate CPY #Oper imp 


Zero Page CPY Oper 


Absolute CPY Oper 


te tee Oe del phlei eae ie At a en ee a RY res. ee ~ ahh hae A Ie a es, “re re ie eet te far tlle a le te? ire rig RE re cal ne Fie A re A at es oe 


hae a ae ie lel 


- 


ee ne Sone ee ae ee ee ke ee 


B-12 








No. 
Cycles 


f 
gy 
vay 





at ewe 


Ah hee ee ee ee ee 


ee Nl FE, IF ne Rat St 


= eet ye 


A tre mmr ee ge ap a ey eS. A aye apr i ee, 


ay — <~ Be 
face DEC Decrement memory by one | DEC 
N#CIiIobDYV 


ee Re Sa 


Operation: NH - J > M 








(Ref: 10.7) 
Assembly Language 
Form 


Addressing 
t Hade 


OT Le Ey yi I, 





DEC Oper 
DEC Oper, X 
DEC Oper 
DEC Oper, % 


Zero Pape 
Zero Page, X 
Absolute 


Absolute, X 





Fr ee ee rt er 8 Re ee fT EF 


2, Sr. 
een te 


Sue BEX Decrenient index X by one Ee ted & 
NxcrIBRY 
J f-~-- 


Operation: X - 17> XK 


(Ref: 7.6) 


rT Oe Sr, me ie 





Addressing Assembly Language 
Mode Form 


fo ee te 


Implied DEX 





as i tee 
Beat i 
wd be 


Onevations i= 1) 





Addressing 
= Mode 





Imp Lied 













‘ Poy 
DEY Decrement index Y by one T the | 
N#Z2ctrtODY 
y¥f~—---- 


(Ref: 7.7) 


—— 






Assembly Language 
Form 


a - an Pe . y 7? i cae 
are COR CExclusive--Or” meniory with accumulator wa 


Qperation: A¥M> A 














Addressing 
Mode 


‘Immediate 
Zero Page 
Zero Page, X 
Absolute 
Absolute, X 
Absolute, Y 
(indirect, X) 
(Indirect) ,Y¥ 





i) ee ml 


N2Z2CiIODYV 









(Ref? 2,253.2) aaa 
Assembly Language | OP No. 


Form CODE Bytes 


AE ll = ETE EE A OY Soy tee ne 


EOR # Oper 

EOR Oper 

FOR Oper, X 
EOR Oper 

EOR Oper, X 
EOR Oper, Y 
EOR (Oper, X) 
FOR (Oper), Y 





ieee 


* Add 1 if page boundary is crossed. 


B-14 


ee ed 


Se ee, le 


—— | An eeee - rere er! my + 


be tte ee 


ee Pe ee 


ae ers 


ome - 


eed! cee sae 


eo hid 


a ee ee 


a 
Seurs 


Operation: M+ 1 = 





Addre: 
Mod: 






Zero 
Zero 
Absol 


Absol 





heed 
“Me toes 
ee ee 
Mw -4. 


Gperation: X + I 


Adcis 
ric 





py | : AR 
ie oie ly Pe # 
we ora INC J/ncrement memory hy ane ig 


ane | | 
x . Ae DHE ee. aa NZ#cirovdyv 


7 ee 
7 (Ref: 10.6) 





¥ TE ET te A ET Et eit a 7 hails et "Setter emer, rem emmy | 


No. : Addressing Assembly Language 
Cyc tes FHode Form 


I | : ZEr0 Page INC Oper 
Zero Page, X ING. “Oper, Xx 


Absolute INC Oper 
t 
Absolute, X INC Oper, Xx 





SF etl re her le AS PR Te i me A Re i re leh lll, lls ee here are sre 


BAS ri ntg peta? 
aks ui Pet INX dncrement index X by one ids 


Operation: X + 1 > K N#A2CIDYV 


ee ee Toe ee ee ee eee 






(Ref: 7.4) 


OR ee 


Assembly Language 








O No. 





ee ee et ee ee 





tC Cycles Form 
| 
2 2 
2 3 
i a i ine 
9 f 5 
o ' 
i 
é; ‘ 
Lk 
: 


ho h tn A LW 
_ 
% 


5% 
: 
~ 


wee 8 


ANY : , ; ARLE 
he { INY facecnicat fudex Y Ay ite iy 


Operations Y # ob + ¥ 


(Ref: 7.5) 














No. 
Cycles 


Assembly Language 
Form 


Addressing 
Mode 





INY 


I NA A el a TR a 


a8 2 qd & 
BaP SMP Jranp to new location ap 
Operation: (PC + 1) > PCL Mie ge a 

(PC + 2) > PCH (Ref: 4.0.2) sk ee 


(Ref: 9.8.1) 


PF A Meld Be T= NT em 





Te aemaed ee eal 





o Eegnq eam. nate ra? Sy Ae oe re ie be ee 









GP No. No. 
Cycles 


Addressing Assembly Language 


Mode rorm CODE By tes 











_ 





Absolute | JMP Over 


Indirect JMP (Oper) 





a 











ie wv 


Sage gar Pe ge A raat m4 


ek wee ees He ie re lege Tl i ce a te ee PRE «tet es SO 


eo NA et ree 


ed 


rey 


ne MR ee 


cee Re, ae ee 


a ee ee ee 


gi O95 
35 
Operation: PC +; 





| Absa. 


Zt H 
sie. 
hayes 


Operation: M > A 





| Addi 


Mc 

Trott: 
LEre 

| Ler 
AbSs¢« 

Ab sc 
Abs 
(Ind 
(ind 


am Sarto, yee ~ 


* Add it if 








eves woe 


ee ee 


a 


4 ee Ee prea 1 * ) repre Ot AE aig rr crn Pe a deo et ee ee Te ke pene ie arte gE Me sts 


. E neemanel ets Re As A yi A ah le tS Fi ei Sr BR a eae trait ane ee 
oY a . 


eld [en mieniasaiall 


— .#- 


lamed 


pee wh, 
























pce JSR Jump to new location seving return address Ih 3 
Operation: PC + 2 +4, (PC + 1) + PCL N2CIDV 
CPC 4 2) PC 5 iat ee ah aah ek 
(Pet O41) 
a Snes 
Addressing Assembly Language 
Mode Form 
Absolute JSR Oper 
oy A 4 A, 
Eeaea LDA Load accumulator with memory Bia 
Operation: M7 A NZcCibDYV 


i ere 


(Ref: 2.1.1) 
















pe ls, Fe dl, 





















Addressing 
Mode 


Assembly Language 
Form 


No. No. 
Bytes Cycies 





Imnediate LDA *# Oper A9 2 fa 
Zero Pape LDA Oper AS 2 s 
Zero Page, X LDA Oper, X B5 2 d, 
Absolute- LDA Oper AD 3 4 
Absolute, X LDA Oper, X BD 3 dx 
Absolute, Y LDA Oper, Y B9 3 Lx 
(Indirect, X) LDA (Oper, X) Al 2 6 
(Indirect), Y LDA (Oper), ¥ Bl 2 a% 


ote ere oe - 








EE ef PR eT oe A Fe ee 


* Add 1 if page boundary is crossed. 


B-17 


rm. FF 


ov AS 


Noerations M =X 


* 


- IY 


Addressing 
Mode 


(mmediate 


zero Page 


zero Page, Y 


Absolute 


Absulute, Y 


Add 1 wher page boundary is 


Operation: M> Y 







Mode 





Imnediate 
Zero Page 
Zero Page, X 
Absolute 

Absolute, X 


Addressing | Assembly Language 





a3 
AN, 
ttl a 


LDX Load iidex AX with preniory 
N4C¢C 10 V 
fy¥—-—-—-— 


(Ref: 7.0) 


Assembly Language 
Form 





crossed. 


LDY Load index Y with memory 


fel) 






UP No. 
CODE Bytes 






f Form 








} LDY #O0Oper 
LDY Oper 
LDY Oper, X 
LDY Oper 
LDY Oper, X 


* Add 1 when page boundary is crossed. 


he Mea, Ti A ek 


a ee fee ee Pere 


2 le ee 


ok 


wee ee 


ME deer ate - 


Pe ae ee ee 


mn wen Memes 


ses 


ye 


Ce ee ee oe ed 


at a ee 


eo ae ek hee 


ee ee 


Ne ae 


Operation: @ — 






Accull 
Zero 
Zero 
Absol 
Abso$ 


- 





Ni NO. 


yteés Cycles 








: Z 
2 3 
di 
i 4 
3 Ak 
LDY 
I Vv 





i ee. Ti Pe 


wt 


eter ere ee one ee aed 


Se ee ee ee ee 


A ee ate er ee ee i ee le Je eight Ter eines AR a Oe et ER De TS EY ei tre 9 pe re peers Pee tend A ie ee I i 


rn 


aOGe 


tase LSR Shift right one bit (memory or acctenulator) ESR 


Operation: fl > 


Mode 





Accumulator 
Zero Page 
Zero Page, xX 
Absolute 


Absolute, % 


et 


OE ay By 
ate 


Operation: No Operation (2 cycles) 











Addressing 
Mode 


Implied 





Ne a 





en tahieanel 


NZCIODV 
i eee 


(Ref: 10.1) 









Assembly Language 
Form 





LSR_ Oper 
ESE, Oper; 2 
LSK Oper 
LSR Oper, X 


a eee 


Hoey 
NOP No operation Ge 


Nx CID V 


ee eee 





cae | 


Cycles 


Assembly Language 
Form 









ert Gyr 
rts ae ORA “ORC memory with accuniiitator Jose’ 
GCperation: AVL A N4ACIDY 
ff sf 2 2 ye 
~ (Refi 2.2.3.1) f 
Addressing Assembly Language OP No. No. 
; Mode Form CODE | Bytes | Cycles 
Immediate ORA #Oper D9 
Zero Page ORA Oper 85 
Zero Page, X ORA Oper, X i5 
Absolute ORA Oper OD 
Absolute, X ORA Oper, X 1D 
Absolute, Y ORA Oper, Y 19 
- (Indirect, X) ORA (Oper, X) Gi 


il 


ORA (Oper), Y | 


* Add 1 on page crossing 


(indirect), Y 











™ Ad A 
~ >} 


T3303 
a fia PHA Push accumulator on stack 


Operation: A’‘¥ 


(Rett 845) 


ca (aS ee 













Assembly Language OP 


Addressing | 
| Form CODE 


Mede 








ees arene 


Implied | PHA 48 


eh NE cae PRT ti dM em ea ety aa ok clin ge a rn rl ale er + ee A A eh Doe tere lle PS ri EE A i el I A MPA lee awe ea em 





+ OR Re eee 


es 


rR ee ie Ae im ae i i le ll IR at Ca re nn. 


femmes 


he ee ea 


j 


Lf 


PEa key 
wf 


o 5 


Operation: P+ 


Ae a 


Addr 
Mo 


Impl 





} 


“"R 
Sa 


wa & 


ast af 


& 


Operation: At 








Se aera Cee uy a ee pS oe 


Pe ea. tet fa 


8 RR a eer a as are trea | ile ee be 5 ST PL | Md delet A Beh Soult Ma ee Gig! “allah a aren, Ad ee ly eR Ts re et ele Oh oe, A ee ee ee 


mot Po RES 
CED BRAS ey 
pe PHP Push processor status on stack Prtr 


Ee : N20 2 DV 


oe rer ionrs 


(Ref: 8.11) 7-77 TTO 










Addressing Assembly Language 
Mode Form 
Implied PHP 





aa I PLA Full accumulator from stack ee E A 


Pd 


Operation: A + . N2azciny 
et ae 


(Ref: 8.6) 





Cnaneeuntend 












Assembly Language 
Form 


Addressing 
Mode 


B-21 


ww 
gcse 
ew 


PIL 
i hi PLP Pull processor Status from Stack 
Operation: P t N2ZCIDYV 


From Stack 


a (Ref: 8.12) 
















Addressing Assemoly Language No. 
Mode Form Cycles 


a ae le 


Implied 


. bia 2 A 
EOL ROL Rotate one bit left Gremory or accumuator) i OF 


Ts Re 
be vc 


a ce ee rr ee 


ig! or in 


Operation: ncoue 3] 27a] e] + {G/ « 


(Ref: 10.3) 


oS ee eee 





N#AcCiLoV 
ar aoe 


a a hp te te TS = dirty a 












te ls Ae pr _— 










Addressing Assembly Language OP No. No. 
Mode Form CODE Bytes Cycles 


————_—___—- ce et A ee a | rrr wo he 





Accumulator = ROL A 2A l 
Zero Page ROL Oper 26 2 
Zero Page, X ROL Oper, X 36 2 
: Absolute ROL Oper 2E 3 


Oper, X. 3E 3 





Absolute, X 





B~-22 


ee ee 


re oe 


ov th one Re ne 


= tee he A | Oe ree ee Le hie ee eg er ad re gd 


oer EE. 


re 
: . ff 


os ea wie 
ov. ut Gs 


Operation: [ 


wis 


Goeration: 


aE 


Operation: 





Pt fC 


PCH, 








PLP 


No. 
Cycles 





rr 
os 
€ 


na 
[= 





: A <r en HS ee SO 8 I AE = I A hr i ph me pencery Ealing ana Ne fe gE Ne - — Fe A 7 aL. ye ttle rh by 6d ee er or be a me ee my ¢ ee 
ow eS he me de me s: - 


= 
po? > 


ROR Rotate one bit right (memory or accuintdator} R 





Operation: a 


Addressing 


~CEBIESEEE N# CID Y 


(Ref: 10.4) i ker 


No, 
ae Ahn eres. 








Assembly Language 





















Mode Form 

Accumulator ROR A feat a 2 

Zero Page ROR Oper 66 ee ee 

Abeslute ROR Oper 

Absolute, X ROR Oper ,X 7 

Note: ROR instruction wil] be available on MCS650X micro- 

processors after June, 1976, 
f E F RTI Return from interrupt Ne 
Operation: Pt PCt NZCIDYV 
Fr Stack 
(Ref: 9.6) Spt he 








Addressing Assembly Language 
Mode Forni 


Implied 


EES v5 
® RTS Return from subroutine a F Py 


Operation: PCt, PC + 1-» PC NZcidDY 


—_—_———— eee 


(Ref: 8.2) 





Addressing 
Mode 


Assembly Language 
Form 






Implied 


te ed Beh ae eat eC a Pn 





ee 
ad id 


C 


Operation: A - M - CA 


S 


Operation: 


$ 


5 


rey, 


c 


SBC Subtract inemory from accumilator with borrow re 
N2CIODV 
25262) Yv¥y¥—-—/ 


Note: C = Borrow 





Addressing 
Mode 





Immediate 


Zero Page 






zero Page, X 






Absolute 
Absolute, X 
Absolute, Y 
(Indirect, X) 
(Indirect), Y 











1G 





Addressing 
Mode 





Implied 




















(Ref: 


Assembly Language 


SBC # Oper 

SBC Oper 

SBC Oper, X 
SBC Oper 

SBC Oper, X 
SBC Oper, Y 
SBC (Oper, X) 
SBC (Oper), Y 





——— re 






Form 






2 Ar lll we. 


* Add 1 when page boundary is crossed. 


SEC Set carry flag See 


(Ref: 


GE OE Is Ee 


Assembly Language OP No. 









YN#eCIilOV 


—~— Jf - ~~ 


32044) 





ree sa Lied 





a a 






No. 
Cycles 





Form 





B~24 


i eae ee. 


tees 


‘ a = 
TES mr rt Raa raha tat an A meal kA ame Bt ee, I RAE ay SET rN — APs PS RA by en hae EE oh ate hl el ee el et ret aemal™ bl ll alee ee hee et 
< 


Re te ep Te ae eyes 





Add: 
Mc 
imp. 
33] 
Operation; 1 + 





Ce 

MWrOW pad ys 
Cc ilLobY 
Pe ees 








oO. No. 
‘tes Cycles 


en re TO ee ee LY 


2 2 
-2 3 
2 4 
3 4 
| 3 4x 
| 3 4x 
ae. 6 
2 | 5% 













tl a * 


RY i ere oe i 


ee en 


5 fae mee IN Ca RL ee Na Ae tn Nh resamans her ies wenn nineteitt rtniarevmmionsereomeese SE A Re eg a rk ot re sh Be EE Es Ag 4 Ee ee) 


SEEN ; ; a7 
QRS SED Set deci:nal mode See 
Operation: } + p NecIDYV 

eee cas aes age 1 ne 


(Ref: 3.3.1) 


EA 












Addressing 
Mode 





Assembly Language 
Form 





ee ke ices are Se Se rt 


Implied 





fon e 
GP B SEY Set interrupt disable status Sei 


Uperation: ] + ] 






(Ref: 3.2.1) 


a 

















Addressing Assembly Language 
Mode Form 
Implied SETI 


—n 


SiA 


Operation: 


Sik 


Operation: X > M 





STA Store accumulator in memory STA 
A>M | NZCIDV 


{Retz 2ule2? 


YS 


—*; 


Addressing Assembly Language OP 
Mode Form CODE 


ee a Se TY ST, 











Zero Page STA Oper 
Zero Page, X STA Oper, X 
Absolute STA Oper 
Absolute, X STA Oper, X 
Absolute, Y STA Oper, Y 
(Indirect, X) STA (Oper, X) 
(indirect), ¥ STA (Oper), Y 
STX Store index X in meinory ore 
NZCIODYV 
(Ref: 7.2) —. 
“s 







OP Mo. 
CODE Bytes 


Assembly Language 
Form 





Addressing 
Mode 












Zero Page 






Zero Page, Y 
Absolute 






B26 





ao vee 
2h a se EY RS co a ere re a NT ee coe i neo et 7 . 7 ae ae os ; 
A en a See te ae oe ea! genie al * 5 


tT then the 


ee os tree a 


Oe ee ee ae oor Penne 


Sty 


Operation: Y¥ > 





wre cy 
a oy 
2 ? Je 
% 3" a 


Operation: <A> 


atte ata 


Add 
Mc 








ey a 


Se ee ee ee 


“4owrhs 


FOtPR EU meee a Oe 


A i a Ste sae Ne ye le! gh aire y 


ory | STY Store index Y in memory S r ¥ 


Operation: Y - M NZCIDYV 


(Ref: 7.3) 


VN Sin ie a 





Addressing Assembly Language OP No. No. 







Mode Form CODE Bytes Cycles 
Zero Pugs: STY Oper 84 2 3 
Zero Page, X STY Oper, X 94 2 4 
Absolute STY Oper 8C S 4 
“ap Mage AY 
PAE TAX Transfer accumulator to index X Tishaa 
Operation: A> X NZcCIODYV 
a 


(Ref: 7.11) 


Addressing Assembly Language OP No. 
Mode Form CODE Bytes 


Implied 





A f 43 
i ¥/ TAY Transfer accumulator to index Y TA i 
Operation: A> ¥ N2#cCtrIODV 

ey ores 


Addressing Assembly Language 
Mode Form CODE 


Implied 





9 1 i aie _ 
TWA TYA Transfer index Y to accumittator TA 
Operation: YoaA N22 Cc iD V 


yf~—--——-— 
(Ref: 7.14) 


CT Le Calle A A Ea 











op |} No, 
CODE Bytes 


Assembly Language 
Fortin 


Addressing 
Mode 











eee 
Implied TYA 93 





pr ae ge eh ale a FR FU a TE ter Ate ali trip a arte i ae Dre inal are? ari re + ee Ye pe is ie ee dei =. o . ok 


Oe ee 


ee, Oe ee te eel Pee eee te Cie Ere Re ee et ee 


EE ee ee ee eed ee ee ee od 


TSA 


Operation: 





TAA 


ae 


Operation: XX. 


Ee 8 
Tr = 
ij 


Operation: 
















BY : nt me. He . ; P | 
Th \ | gS i TSX Transfer stack pointer to indcx xX ¥SX 
7D: V f Operation: 8S > X NZCIDV 
t 
ca (Ref: 8.9) 
Re a a EE A Rr my Dh te A 
‘ Adéressing Assembly Language 
Mode Form 
[nae eee peeegoannes 


Imp! ied 
































i 
| 
; SBS? fe : ; 
7 ie TXA Transfer index X to accumulator TX A 
Operation: KX A | N2croby 
/ Sam ee oe 
| (lefts 7242) ae 
ia aera ee 
f Addressing Assembly Language OP 
f Mode Form CODE 
ry f, Implied TXA BA 
IDV : 
ate : 
: 
i 
a _ at : ‘ 
YRS TXS Transfer index X to stack pointer THS8 
| Operation: X-* $ N2Z2cCIDV 
(Ref: 8.8) 2 2 2, TO 
j Addressing Assembly Language No. 
: Mode Form Cycles 
Implied TXS 2 
| 


B~29 


de A te ae gerd A A ee 4 


eh lil eld inieteehah bith ate ieee thd te oes, the a PR nt ged 


NRT Pree! AUC tied py der op ig Se I LAR Tl Tiler ee ik ES mal AA tee A PAE ey a el es le ets oe ns re ee pe eee oo 


APPENDIX C 


INSERUCTION ADDRESSING 


MODES AND 


RELATED EXECUTION TIMES 


C-1 


-“« a ee 2 rere ee a er Oe Se et a eee te ee er ne ere ee ee en ee ee a en ee es ee ee re ee | ee) rer . Parry er . > Ser mp ee MeN 2s seem, 








EE a nce ter arene montana etna neat te ie an 
. i 
Aiepuncg afed sasso1> uotrevado Suiyduesq 31 Hevciippe 3ua EPpy “LOX? Si YauesG 41 BJQAD auo Opy ,, 
Asepunog afed sso;02 Guixanui yt ajoA2 aua poy , 5 
! z VAL ¢ anc 
C VM . . . . Z . . . . . ' * . ant 4 
c xSL pe ae te a: Ee, te ONE i 
c AVL 1G OFS aba ae Fe Ee YOR t 
Z xXxVL . . - rah * . ' . . . AiG } 
, — aa ALS Cj X=2g 
i a a #X1S Coe see: a 930 
j 9 9 2 ot ae * 4 ss YAS a sty P-- e Ad3 
Zz 133 r oo % Xd 
é 455 4.5 °=9 Pod F r € Zz iD 
z 93 cu SS a ee AnD 
SS 9 (9 .b OF : ra iss z 13D ’ 
ef US SLY Z ID 
3 ibs Zz O19 
, é 9g 9 G¢ ° 2 YO re | i SAB 
i 9 $ GS 'é@ Os > wT Cage, eh ae eee JAG ; 
" sig ce ee a be a Se ay wa xHO ; 
v Vie ; eed ; ° : , ; : ; ; Wd : 
© did ee ee ee SNS 
j £ VHd | ia Waa 
, “5 9 “40 .? DP ee gf * YEO Sa Oe La 
aa 9 ¢ ra 4371 - eee ea el $35 
> ey ££ e * AQ Re erie ee a 8 Ja 
| eee PE.” CEE XO? re an; nes: ak” Se A WY 
f «G 9 aD oP & §6ChCUGlhUm EUS YO "4S GQ = ' «Beh FP ° F E€ ZC CNY 
; sg +s bel "23 9 ° ° 8.7 FP ° PE E€ 3G 5 
‘ 
PSSRPTRPERRERTP PSEERPTRP REL PETE 
SeFEEreSagecee ss ee 
ge Oo 8 < c £8 f¢e = < Se fe > 38 
sha S SEER FEE 2 eee ee ee 
= “7 x oe + 8 8 2 = “ x oe o @ 2 w& = 
. < ™@™ ” & x x i 
(SQ}9A9 4OO}D UI) SAW NOLLNOSXS GILVISH GNV SJCOW ONISSIYGGY NOILONHNISNI 








| 


C~2 


ce ANSE, cae FE PE Pe nF TE 


APPENDIX D 
TION LISTING 


OPERATION CODE INSTRUC 


XIDECIMAL SEQUENCE 


> 


HE 
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NAAN 
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¥ ye 
SE 
x 
xSL 
IAS 
ys 


a eo 
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Awe 
ANI 
ANI 
UNI 


é . | #O 


AB 


ee a ere are a= 


D-l 


ae 


OS 
G1 


23 
be 
65 


Q7 
08 
J9 
DA 


BRK 

ORA - (Indirect, X) 
Future Expansion 
Future Expansion 
Future Expansion 
ORA - Zero Page 
ASL - Zero Page 
Future Expansion 
PHP 

ORA - Immediate 
ASL ~- Accumulator 
Fucure Expansion 
Future Expansion 
ORA - Absolute 
ASL - Absoliee 
Future Expansion 
BPL 

ORA ~ (indirect) ,Y 
Future Expansion 
Future Expansion 
Future Expansion 
ORA - Zero Page,X 
ASL ~ Zero Page,X 
Future Expansion 
CLC 

ORA - Absolute,Y 
Future Expansion 


Future Expansion 


- Future Expansion 


-~ ORA - Absolute,X 


~ ASL - Absolute,X 


- Future Expansion 


20 
Zt 
22 
23 
24 
25 
26 
ar 
28 
A? 
2A 


2C 
2D 


PA 
34 
31 
ae 
33 
34 
35 
36 


ae ae 


38 
39 
3A 
33 
aC 
3D 
3E 
3F 
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BS hoy cl 

AND - (Tndirect,X) 
Future Expansion 
Future Expansion 
BIT - Zero Page 
AND - Zero Page 
ROL - Zero Page 
ruture Expansion 
PLP 

AND - Immediate 
ROL - Accumulator 
Future Expansion 
BIT - Absolute 
AND - Absolute 
ROL ~ Absolute 
Future Expansion 
BML 

AND - (Indirect) ,¥ 
Futura Expansion 
Future Expansion 
Future Fxpension 
AND - Zero Page,Xx 
ROL - Zero Page,x 
Future Expansion 
SEC 

AND - Absolute,yY 
Future ixpansion 
Future Expansion 
Future Expansion 
AND - Absolute,X 
ROL - Absolute,x 


Future Expansion 
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Ag 
41 
42 
43 
44 
é5 
46 
47 
48 
49 


Put 
Fut 
BOR 
LSR 
Futu 


CLI 
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4B 
4C 
4D 
4E 
AF 
5¢ 
on 
52 
a2 
54 
a2 
56 
57 
58 
59 
5A 
5B 
5C 
5D 
5E 
5F 


a wi 


EOR -- (Indirect ,X) 


' Future Expansion 


Future Expansion 
Future Expansion 
FOR - Zero Page 
LSKR =~ Gero Page 
Future Expansion 
PHA 

EOR = immediate 
LSR - Accumulator 
Future Expansion 
JMP ~- Absolute 
EOR - Absolute 
LSR ~ Absolute 
Future Expansion 
BVC 

FOR ~ (Indirect),Y 
Future Expansion 
Future Expansion 
Future Expansion 
EOR ~— Zero Page,X 
LSK ~ Zero Page,X 
Future Expansion 
CLI 

EOR - Absolute,Y 
Future Expansion 
Fucure Expansion 


Future Expansion 


- EOR ~ Absolute,X 


LSR - Absolute,X 


Future Expansion 


6g 
61 
62 
63 
64 
65 
66 
67 
68 
69 
6A 
6B 
6C 
6D 
6E 
6F 
76 
71 
72 
73 
74 
75 
76 
77 
78 
79 
7A 
7B 
7C 
7D 
7E 
TF 


RTS 

ADC - (Indirect,X) 
Future Expansion 
Future Expansion 
Future Expansion 
ADC - Zero Page 
ROK =~ Zero Page 
Future Expansion 
PLA 

ADC - Immediate 
ROR - Accumulator 
Future Expansion 
JMP ~ Indirect 
ADC ~ Absolute 
ROR - Absolute 
Future Expansion 
BVS 

ADC -- CIndirect),Y 
Future Expansion 
Future Expansion 
Future Expansion 
ADC ~ Zero Page,X 
ROR ~~ Zero Page,X 
Future Expansion 
SETI 

ADC - Absolute,Y 
Future Expansion 
Future Expansion 
Future Expansion 
ADC - Absolute,X 
ROR - Absolute,X 


Future Expansion 
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RF 
99 
OL 
92 
23 


Future Expansion 
STA - (Indirect ,X) 
Future Expansion 
Future Expansion 
STY - Zero Page 
oTA ~- Zero Page 
STX ~- Zero Page 
Future Expansion 
DEY 

Future Expansion 
TXA 

Future Expansion 
STY - Absolute 
STA ~ Absolute 
STX - Absolute 
Future Expansion 
BCC 

STA - (Indirect) ,Y 
Future Expansion 
Future Expansion 
STY - Zero Page,X 
STA - Zero Page, X 
STX - Zero Page,Y 
Future Expansion 
TYA 

STA ~- Absolute,Y 
TXS 

Future Expansion 
Future Expansion 
STA - Absolute,X 
Future Expansion 


Future Expansion 
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Al 
A2 
A3 
AG 
A5 
A6 
A] 
A8 
A 


AB 
AC 


AE 
AF 
Bg 
Bi 
B2 
B3 


B5 
Bo 
B? 
B38 
B9 
BA 
BB 


BD 
BE 
BF 


LDY - Immediate 
LDA - (Indirect,X) 
LDX ~ Immediate 
Future Expansion 
LDY ~ Zero Page 
LDA - Zero Page 
LOX - Zero Page 
Future Expansion 
TAY 

LDA - Immediate 
TAX 

Future Expansion 
LDY - Absolute 
LDA - Absolute 
LDX - Absolute 
Future Expansion 
BCS 

LDA - C€Indirect),Y 
Future Expansion 
Future Expansion 
LDY ~ Zero Page,x 
LDA - Zero Page,X 
LDX ~ Zero Paze,Y 
Future Expansion 
CLV 

LDA ~ Absolute,Y 
TSK 

Future Expansion 
LDY ~ Absolute,X 
LDA - Absolute,X 
LDX - Absolute,Y 


Future Expansion 
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C2 
G3 
C4 
C5 
C6 
OF 


D4 
D5 
D6 
D7 
b8 
D9 
DA 
DB 
DU 
DD 


DF 


CPY = 
Cur = 
Futur 
Futur 
CPY - 
CMP - 
DEC - 
Futur 
INY 

CMP ~ 
DEX 

Futur 
Cer = 
CiP ~ 
DEC = 
Futur 
BNE 

CHP = 
Futur 
Futur 
Futur 
CUP -~ 
DEC > 
Futur 
CLD 

CMP = 
Futur 
Futur. 
Patur. 
CMP: = 
DEC. = 


Futur: 


on 
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CA 


CB 


CC 
CD 
CE 
Cr 
DG 
D1 
D2 
D3 
D4 
DS 


CPY - Immediate 


CMP - (Indirect ,X) 


Future Expansion 


Future Expansion 


- CPt, = 2666 lage 


CMP - Zero Page 


DEC - Zero Page | 


Future Expansion 
INY 

CMP - Imead.ate 
DEX 


Future Expansion 


- CPY ~ Absclute 


D6 -- 


D7 
D8 
D9 
DA 
DB 
DC 
DD 
DE 
DF 


CMP -- Absolute 
DEC ~ Absolute 
Future Expansion 


BNE 


WMP - (Indirect),Y 


Future Expansion 
Future Expansion 


Future Expansion 


CMP ~ Zero Page,a 
DEC - Zero Page, 


Future Expansion 
CLD 

CMP - Absolute,Y 
Future Expansion 
Future Expansion 
Future Expansion 
CMP - Absolute,xX 
DEC - Absclute,X 


Future Expansion 


KA 
FS 
FO 
F/ 
F8 
no 
FA 
FB 
FC 
FD 
FE 
FE 


CPX ~- Immediate 


SBC ~ (Indirect,X) 


Future Expansion 
Future Expansion 
CPX - Zero Page 
SBC - Zero Page 
INC ~- Zero Page 
Future Expansion 
INX 

SBC - Immediate 
NOP 

Future Expansjon 
CPX -- Absojute 
SBC - Absolute 
INC - Absolute 
Future Expansion 


BEQ 


SEC - (Indirect) ,Y 


Future Expansion 
Future Expansion 
Future Expansion 
SBC ~ Zero Page,X 
INC ~- Zero Page,X 
Future Expansion 
SED 

SBC - Absolute,Y 
Future Expansion 
Future Expansion 
Future Expansion 
SBC - Absolute,X 
INC - Absolute,X 


Future Expansion 
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SUMMARY OF ADDRESSING MODES 
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This appendix is to serve the user in providing a reference 


for the MCS650X addressing modes. Fach made of 


address is shown 


with a symbolic illustration of the bus status at each cycle 


during the instruction fetch and execution. The example number 


as found in the text is provided for reference purposes. 


Eul IMPLIED ADDRESSING 


Example 5.3: Illustration of implied addressing 


Clock 
Cycle Address Bus Program Counter Data Bus 
I PC Pe. al OP CODE 
2 PCG Se 1 os Oe eae New 
OP CODE 
3 Pod PC: st 2 New 
OP CODE 


E-2 


Comments 


Fetch OP CODE 


lgnore New 
OP “oDEs 
Decode Old 
GP: GOOE 


Fetch New 
OP GODE; 
Execute Old 
OP CODE 


Pe achewere ae mee eee 
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2 IMMEDIA T? 


Example 5.4: 


Clo.k 

Cyeke Ads 
uf F 
Z F 
3 E 


£3 ABSOLUTE 


hxaimp 1 & 5.5! 


Clock 
Cycle Ade 


1 P¢ 
2 P( 
3 Pf 
4 Al 
5 PK 


E.2? IMMEDIATE ADDRESSING 
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referonce 


ed 


Sew eee 


i shown Example 5.4: Illustration of immediate addressing 
Cyan i 
Clock 
enue Cycle Address Bus Program Counter Data Bus Comments 
; , 
: i PC PC + 1 OP CODE Fetch OP CODE 
! 2 PC + J PC + 2 Data Fetch Data, 
Decode OP CODE 
i ; 
: 3 PC + 2 PC + 3 New Fetch New 
OP CODE OP CODE, 
Execute Old 
I OP CODE 
7 | 
{ 
: : 
a 
: E.3 ABSOLUTE ADDRESSING 
: Example 5.5: Illustration of absolute addressing 
mince S Clock 
| Cycle Address Bus Program Counter = Data Bus Comments 
hi, > -CODE | a 
re ew PC PC + 1 OP CODE Fetch OP CODE 
ODE; 2 Pc + 1 PC + 2 ADL Fetch ADI, 
de Old Decode OP CODE 
hid 3 PC + 2 PC + 3 ADH Fetch ADH, 
h New Retail ADL 
‘ODT 3 . 
Old ADH, ADL PC + 3 Data Fetch Data 
OD 5 PC + 3 PC + 4 New Fetch New 
| OP CODE OP CODE, 
Execute Qld 
OP CODE 


Hy 
Ww 


me. 


£4 ZERO PAGE ADDRESSING 


Example 5.6: Illustration of zero page addressing 
- Clock | | 
Cycle Address Bus Program Counter Data Bus Comments 
1 PC PO +] OP CODE Fetch OP CODE 
2 PC + 1 . Poor 2 ADL Fetch ADL, De- 
| | code OP CODE 
00, ADL PC + 2 Data Fetch Data 
PC + 2 PC + 3 New Fetch New 
OP CODE OP CODE, Exe~ 
— - | cute Old 
| | OP CODE 


= E5 RELATIVE ADDRESSING — {Branch Positive, no crossing of page boundaries } 


Example 5.8: Illustration of relative addressing~-branch positive 
taken, no crossing of page boundaries 


External Internal 
Cycle Address Bus Data Bus Operation Operation 
1 0100 OP CODE Fetch Finish Previous Oper- 
OP CODE ation, Increment Pro- 
gram Counter to 101 
-— Z 0101 — +50 Fetch Interprct Instruction, 
Offset Increment Program 


Counter to 102 


7 3 0102 Next Fetch Next Check Flags, Add Rela- 
OP CODE OP CODE tive to PCI, Increment 
Program Counter to 1Q3 
4 0152 Next Fetch Next Transfer Results to 
7 OP CODE OP CODE PCL, Increment Program 


Counter to 153 
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E.6 ABSO 
Step 5 


Example 


: £6 ABSOLUTE INDEXED ADDRESSING — {with page crossing) 


Step 5 is deleted and the data in step 4 is valid when no page crossing occurs, 


: Example 6.7: Absolute Indexed; With Page Crossing 


Comments we 
Fo ch OP CODE Address Data External Internal 
_ | : Cycle Kus Bus_ Operation Operation 
Fetch ABL, De- 
co’: OP CODE 5 
1 O1CS OP CODE Fetch OP CODE Finish Previous 
Fe ch Data Operation Increment 
Fetch New ' PC to 101 
OP ‘ODE, Exe~ I 
ies) Old “fe 2 010] BAL Fetch BAL Interpret Instruction 
OP “CODE Increment PC to 102 
| | 
3 0102 BAH Fetch BAH Add BAL + Index 
i 
= i Increment PC to 103 
. 
4 BAH,BAL Data Fetch Data Add BAH + Carry 
- +X (Ignore) (Data is 
ignored) 
| 
5 BAH+1, Data Fetch Data 
7 BAL+X 
1 positive 
6 0103 Next OP Fetch Next Finish Operatien 
ae CODE OP CODE 
Ternal 
sre" ion 


’rerious Oper- 
necrement Pro- 
int rc to 101 


; 

‘tt istruction, 
iL frogram 

to 102 

ag , Add Rela- | 

PCL, Increment ( 

Counter to 103 | 

i 

} 

t 

} 

i 

| 


& sults to 
re-int Program 
to 153 


£7 ZERO PAGE INDEXED ADDRESSING 
E.S INDES 


Example 6.8: Illustration of Zero Page Indexing 


ag cee 0 7 eee 


Address Data | External Iaternal ™ 
Cycle Bus Bus Operation Cperation 
| Cycle 
l 0100 OP CODE Fetch OP CODE Finish Previous 
Operation l 
2 O101 BAL Fetch Base Interpret fnscruct- 
Address Low jon 2 
(BAL) 
3 00, BAL Data Fetch Add: BAL + X 
(Dis- Discarded 
carded Data 
é 
4 O00, BAL Data Fetch Data } 
+X 
5 0102 Next OP Fetch Next OP Finish Operation ; 
CODE CODE ' 
6 
? 


ee 


ot er er 
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EE INDEXED INDIRECT ADDRESSING 


Example 6.10: Illustration of Indexed Indirect ddressing 


POE Ae EA os te te ee are wae. 


-e? al a A ai ae ge Be CR ge tty 
ors 10n Address Data External Internal 
Cycle Bus | Bus Operation Operation 

sh Previous 

cal On i 1 Ci) OP CODE Fetch OP CODE Finish Previous 
| Operation 

“pret Instruct- 
2 C10} BAL Fetch BAL Interpret In- 
: struction 

BAL + X | 
3 OO,BAL DATA (Dis- Fetch Discard- Add BAL + X 
carded) ed DATA 
i : | 

- 4 0O,BAL ADIL. Fetch ADI Add ) to BAL + X 

| + X 

ween 5 00, BAL Fetch ADH Hold ADL 

> _ sfreation + ¥ “f+ 1 
| 
6 ADH,ADL DATA Fetch DATA 
? 0102 Next OP Fetch Next OP Finish Operation 
CODE 

| 

{ 
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LO INDIRECT INDEXED ADDRESSING {with page crossing} 


Step 6 is deleted and the data tn step 3 ts valid when no page crossing OCCUrs, 


Example 6.12: 


Cycle 
1 


Address 


Bus 


0100 


0101 


Q0,TAL 


00, IAL 
+1 


BAH, BAL 
+ ¥ 


BAH + 1 
BAL + ¥ 


0102 


Data 


Bus = 


OP CODE 


TAL 


BAL 

BAH 

DATA (Dis- 
carded) 

DATA 


Next OP 
CODE 


External 
Operation 


Load OP CODE 


Fetch IAL 


Fetch BAL 
Fetch BAH 
Fetch DATA 
(Discarded) 
Fetch Data 


Fetch Nexk OP 
CODE 


indirect Indexed Addressing (With Page Crossing) 


Internal 


Operation 


Finish Previous 
Operation 


Interpret Ia- 
struction 


Add 1 to TAL 


Add BAL to Y 


Add 1 to BAH 


Finish This 
Operation 
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the MCS656X microprocessors have a special form of addressing known 
as Indirect. The writeup on Indirect addressing describes the basic 
operation or Indirect. 

It is the intent of this discussion to acquaint the user with some 
of the uses and applications of Indirect addressing. 

The ftndirect address is really an address that would have been coded 
in line as in the case of Absolute except for the fact that the address 
is not known at the time the user writes the program. As has been in- 
dicated several times in the basic pody of the documentation, it is sig- 
nificantly more efficient with the organization of the MCS650X to assign 
addresses and implement them if the addressing structure is known. How- 
ever, that is not always possible to do. For instance, in order to mini- 
mize the coding of a subroutine or generai purpose set of coding, it is 
often desirable to work with a range of addressing that is not possible 
to cover in a normal index, or in the case of subroutine where it is neces- 
sary for the addresses to be viarlalie depending on which part of the whole 
program called the address. 

It is probably this discussion which best amplifies the need for 
calculated addresses. It should ha fairly obvious to the user that a 
general purpose subroutine cannot contain the address of the Operations. 
Therefore, instead of having the instruction LDA followed by the value 
that the programmer wants to load, in a subroutine it may be desirable to 
do a Load A from a calculated or specified address. 

The use of the Indirect Addressing Mode is to give the user a loca- 
tion in Page Zero in which can be put the calculated address. Then the 
subroutine instruction can call this calculated addcess using the form 
Load A from an address pointed to by the next byte in program sequence. 
The word "indirect" technically comes from the fact that instead of taking 
the address which is immediately following the instruction, the next value 
in program sequence is a pointer to the address, 7 

The Indirect pointer will be referred to from now on as IAL, because 
it is a Zero Page address and, therefore, is a low order byte. The in- 


direct instructions are written in the form "Load A" followed by IAL. 
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TAL points to an address which had been previously stored into Page 4: 
This gives the user the flexibility of addressing anywhere in mer: 
with a calculated address. However, the real value of Indirect is not 
just having Indirect but having the ability to have Indirect modified. 
Toais is the reason fer which indirect indexed instruction is implement 
rather than straight indirect. An example of the indirect indexed in 
routining is covered in Section 6.5, , but it should be noted that the 
direct indexed instruction should be used whenever the user does not k 
the exact addrees at time of compilation. Although there may be othe: 


teresting and esoteric uses of the indirect index instruction, this is 


most common ane. 


The second form of indirect is very powerful for certain types of 


applications. Chenpter li shows the use of tables which have pointers 
the advantage of running down one table of pointers until a watch is t. 
and then using the same index to address a second table to perform an 
tion. This ig the classical stack processor type of architecture but 
requires a special discipline at the time a program is originally def: 
Both the indirects require a concept of memory management that is not 
obvious to the novice progvammer. 
The concept of indexed indirect is that memory has to be viewed 
a series of tables, in which access to one set of tables is accompliz 
by indexing through a list of pointers. One set of tables might be = 
to perform seme type of testing or operation. Then the same index is 
used to process auother set of pointers. This concept is only applic 
to cnerations in which a variety of inputs are being serviced. A cl: 
‘ 

application is when several remote devices are being managed by the « 
control program. An example might be having three teletypes tied on 
a device, each teletype is being manually controlled and can be unde- 
trol of the user program. In this type of message handling environ: 
the control program for the teletypes does nothing more than collect 
‘ 


of data from the input device and then performs operations on the s 


G--3 


upon seeing a control signal, ususlly a carriage return in this case of 

the teletype. Because any one of the teletypes can be causing any one of 
the series of operations, this program does nor lend itself weil to the 
concept of atsolute addressing. In Faet, most of the subroutines which 
deal with the individual processing should be written address independent. 
This normally allows the addition of more devices without paying any penal- 
ty in terms of programming. Therefore, this is a subroutine or nonabsolute 
type of operation in which the indirect indexed would not apply because 
each of the various operations use a function of position. [n other words, 
one can assign a series of tables that point at the teletype itself; an- 
other set that points at an outgoing message stream and unother set that 
points to a series of tables which keep the status of the device. Each 

of these pointers is considered to be an individual address at the be- 
ginning of a string. Each string is a variable length. The teletype 
strings may consist of a three character message followed by a character 
return or a 40 character message Followed by a cuaracter return. ln the 
MCS650X, this system will be implemented by means of developing a saries 

of indirect pointers. Each teletypea will have an indirect pointer, ts 
I/O port has another indirect pointer that points at the out-away string, 
another one that points at the teletype message output scring, another one 
that points at its status table. J£ ali of the teletypes work this way, 

it can be seen that the coding to put data into the input messave table 

{s the same for all the teletypes and is totally independent of the 
teletype in which data is being stored, 

The index register X serves as a control fer the tables so that it all 
iables were sequentially organized, X would point at the proper value for 
each operation. A Sampio operation might be: read teletype three, trans- 
fer the data to teletype three input register, update teletype three counter, 
check to see that teletyre three is still active, and decide whether or 
not to return to signal teletype three back. The coding to perform each 
of these operations would be exactly the same as coding for teletype two, 
if the tables were organized such that &X was an index register for the 
pointers. 


This is the type of string manipulation application for which indexed 
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indirect was designed and only when a program can be organized for this 
technique is the indirect used to its maximum potential. The advantages 
for organizing for this type of approach when the problem requires string 
manipulation is significant; the comprehensive I/O program is roughly 

one half the memory and one fourth the execution time of several other 


microprocessors which do not have this indexed indirect feature. 
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APPENDIX E 


REVIEW OF BINARY 


AND 


BINARY CODED DECIWVAL 


ARITHMETIC 


The number 1789 is assumed by most people to meaa one thousand, seven 
hundred eighty~nine, or 1 x 10° + 7x 102 +8 x 10! +9 « 109, However, 


until the number base is defined, tt might mean 
1x 169° +7 x 164 + 8x 16) 49 x 169 


which is hexadecimal and the form used in the microprocessor. 

In order to distinguish between numbers on different bases, mauthema- 
ticlans usually write 1789, 9 or just 1789 for base 10, oc decimal, and 
17891, for base 16 for hexadecimal. Because very few computers or 1/0 de- 
vices allow subseripting, all hexadecimal numbers are preceded by a $ 
notation. Then 1789 means base 10 and $1789 means base 16. Why hexadeci- 
mal? This is a convenient way of representing 2 digits in 8 bits. 

The MCS650X is a byte-orfiented microprocessor which means most opera- 
tions have 8-bit operations. 

There are 2 ways to look at & bits. The first is as 8 individual 
bits in which GOO01000 means that bit 3 (bit 7 to Q representation) ts on 
and all other bits are off or as an 8-bit binary number in which case the 
value is 
Ox 27+0x 26+0x25+0x 2% +1x 2340x227 +0x 2! +0 x 29 = 8 
or $08. 

For logic analysis purposes, each bit is unique, but for arithmetic 


purposes, the 8 bits are treated as a binary number. 
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Binary Arithmetic Rules: 


0+ 0 = 0 
O+12= 1 
bao] 


1+ i= 0 with a carry 
Carry occurs when the resulting number is too long for the base. In 


decimal, 8+ 4 = 2 + 10, 


In hexadecimal, $8 + $4 $C (see hexadecimal details), so that 8 + 4 has 
a carry in base 10 bet not in base 16, 


Using these rules to add 8 + 2 in binary gives the following: 


00001000 8 Lx 23 
QO00COLO +2 Lx2) 


00001010 10 lx 2?4+1x 2} 


Therefore, any nunber from 0 - 255 may be represented in 8 bits, and 
binary addition performed using the basic hinary add equation, 

R. # (A, Y B, ¥ ee where, as defined previously, ¥ is notation for 
Exclusive~Or. 

In most applications, it is also necessary to subtract. Subtract 
Operations either require a different hardware implementation or a new way 
of representing numbers. 

A combination of this is to implement a simple inverter in each bit. 
This would make 


00001100 UZ 
11110011 =e 


However, when subtracting 12 from 12, the result should also be 0. 


00001100 +12 
413410012 =12 


ep re ey 


41111211 . 0 


However, if a carry is added to the complemented number: 


} Carry 
00001100 12 
11110011, -12 
00000000 = Q 
If, instead of representing -12 as the complement of 12, it is represented 


as the complement plus carry, the following is obtained: 
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Lil10011 

1 
11116100 
00001100 
OO000000 





= 12 


Catry 

~l2 

+12 
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This representation is called two's complement and represents the way that 
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ee 


negative numbers are kept in the microcomputer. Below are examples of 


negative numbers represented in two's complement form. 


Hexadecimal is the representation of numbers to the base 16. ‘The fol- 


lowing table shows the advantages of Hex:. 


00000000 


Lidiilil 


13111110 


ol Go ea Esa 
11111100 
11111011 
i TORE 


11111000 


12110111 


= 11111001. . 


Hexadecimal 


Mie oot > O©MOw~AID Um we Mm r+ © 


Binary 
OGO0 
OVUOL 
0010 
OC11L 
0100 
0101 
OL10 
O11L 
1600 | 
1001 
1010 
1011 
1100 
£1Od 
“L110 
11iil 
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Cecimal 


O6 
O1 
OZ 
03 
04 
05 
G6 
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Zecause 16 is a multiple of 2, hexadecimal is a convenient shorthand 
for representation of 4 binary digits or bits. The rules on arithmetic 


also hold. 


Binary Hex 
0100 1111 4F 
+ O110 0010 + 62 
1011 0001 Bl 


To take advantage of this shorthand, all addresses in this manual are 
shown in hexadecimal notation. It should be noted that the reader should 
learn to operate iu Hex as soon as possible. Continual translation back 
to decimal is bath time consuming and errer prone. Working in Hex and 
binary will] quickly force learning of hexadecimal manipulation and the famil- 


jarity vith werking with this convenient representation, 


Although many microcomputer applications can successfully be accon- 
plished with binary operations, some applications are best performed in 
decimal. Although the use of 1 decimal character per byte would be a 
legitimate way to solve this problem, this is an inefficient use of the cap~ 
ability of the 8-bit byte. 

The microprocessor allows the use of packed RCD representation. This 


representation is, in 4-bit form: 


0 = 0000 
1 = 0001 
2 = 0010 
3 = 0011 
4 = 0100 
5 = 9101 
6 = 0110 
?7 = 0111 
8 = 1000 
9 = 1001 


In BCD, the number 79 is represented: 


Binary BCD Hex 
01111002 = 79 = 79 


The microprocessor automatically takes this into account and corrects 


for the fact that 


Decimal BCD Hex 
79 = 0111100] 79 = 
412. = 9001001012 = 
91 = 10010001 38 = 


The only difference between Hex and BCD 
microprocessor automatically adjusts for the 


for Hex values A - F during add and subtract 


01111001 

00010010 

LOQO1011 

representation is that the 
fact that BCD does not allow 


operations. 


The offset which follows a branch instruction is in signed two's 


complement form which means that 


$+50 
and $-50 


The sign for this operation 
a . equals nepative. 

This bit is correct for the 
flags the microprocessor whether 


byte. 


= +80 = 01010000 
= -80 = 10110000 
Proof = O0Q00000 


is in bit 7 where an 0 equals posttive and 


two's complement representation but also 


to carry or borrow from the address high 


The following 4 examples represent the combinations of offsets which 


might occur (all notations are in hexadecimal): 


Example H.4.1; Forward reference, no page crossing 


0105 
0106 
0107 


BNE 
+55 
Next OP CODE 


To calculate next instruction if the branch is taken 


Offset 4-55 01010101 
Address Low 

for next 

OP CODE Ue. 00090111 


5C 01011100 
with no carry, giving 015C as the result. 
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Eycuiple H.4.2: Backward reference, no page crossing 


OL5SA BNE 
O15B —55 
O15C Next OF CODE 


to calculete if branch is taken, 


Offset -55 = AB = 10101011 
+ Address Low for 
Next OP CODE +5C = 5C = 01011100 


07 O07 £00000111 


The carry is expected because of the negative offset and is ignored, 


thus giving Cid? as the result. 


Example H.4.3: Backward reference if page boundary crossed 


0105 BNE 
0106 a 
0107 Next OP CCDE 


To caicuiate if branch is taken, first caiculate a low byte 


Offset -55 = AB = 10101011 

Address Low for 
Next OP CODE _O7 = O7 = 00000111 
B2 = B2 = 10110010 


There is no carry from a negative offset; therefore, a carsy must be 


made: 


-1 = FF = 11111212 
01 = 01 = 00000001 
00 00 06000000 


-1 


if 
i 


+ Address High 


This gives 00 B2 as a result. 


Example 4.4.4: Forward reference across page boundary 


OOBO BNE 
OOR] +55 
0OB2 Next OP CODE 


To calculate next instruction if branch is taken, 


Offset a2 
Address Low 

for Next 

OP CUDE B2 


with carry on positive number, 


+1 


| which gives 0107. 
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l 
Address High 00 


01010101 


10110010 


00000111 


= 00000001 


il 


00900000 


= G0000001 
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